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Claims 1-27 are pending in the present application. By this Amendment, 
Applicants have amended claims 14 and 27. Applicants respectfully submit that the 
present application is in condition for allowance based on the discussion which follows. 

The abstract of disclosure was objected to for including a typographical error 
which, by this Amendment, Applicants have amended, thereby obviating the informality. 

The specification was objected to for not including subject headings which, by 
this Amendment, Applicants have amended, in accordance with more conventional U.S. 
patent specification form. 

Claims 14 and 27 were rejected under 35 U.S.C. § 1 12, second paragraph. By 
this Amendment, Applicants have amended claims 14 and 27, as suggested by the 
Examiner, to more clearly recite that the material selected is borosilicate glass. 

Claims 1-2, 5-7 and 10-1 1 were rejected under 35 U.S.C. § 102(b) as being 
anticipated by Law, Jr. et al. (U.S. Patent No. 6,238,543) (hereinafter "Law"). 

Contrary to the Examiner's assertion, Law fails to teach or suggest the claimed 
method, which is clear from a thorough understanding and analysis of the structure of 
the polymer electrolyte membrane and other structures of the reactor used in Law. 

The structure of the Law reactor is shown in Figures 1 , 2A, 2B, 2C and 2D, and 
described, in particular, in lines 1 to 21 of column 4 of Law. Shown in Figure 2C of Law, 
the polymer electrolyte membrane reactor has an anode side, shown at the left hand 
side in Figure 2C, and a cathode side, shown at the right hand side of Figure 2C. The 
anode side and the cathode side are separated by a generally planar membrane 
electrode assembly (MEA). In Figure 2C, the MEA extends down the mid-line of 
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Figure 2C and is shown in cross-section as a thin member between the two Teflon® 
gaskets. Clearly, the plane in which the MEA lies is perpendicular to the plane of 
Figure 2C. 

The MEA is shown in detail, in cross-section, in Figure 2D. As shown in 
Figure 2D, the MEA has a polymer electrolyte membrane (PEM) which is sandwiched 
between two parallel platinum electrodes, one of which is marked "Pt" in Figure 2D. At 
each side of the MEA, a respective platinum screen current collector is provided. 

Turning back to Figure 2C, the MEA (and the Teflon® gaskets) are sandwiched 
between two graphite blocks (see lines 9 to 1 1 of column 4 of Law). 

As made clear in lines 62 to 64 of column 1 of Law, the reaction between the two 
carboxylic acids takes place at the anode side of the reactor - that is to say the half of 
the reactor which is shown to the left of the MEA in Figure 2C. The carboxylic acids are 
introduced into the anode side of the reactor, and the products are removed from the 
anode side of the reactor, by a "flow field" (or channel network) which is shown in 
Figures 2C and 2A. Figure 2C shows one channel of the flow field which is labeled "gas 
in" and another channel of the flow field which is labeled "gas out." Although not shown 
in Figure 2C, the "gas in" channel and the "gas out" channel are connected by a network 
of channels - all of which lie to the left hand side of the MEA as shown in Figure 2C. It 
is clear from Figure 2A, that Figure 2C is a cross-section taken vertically through the 
mid point of Figure 2A. In Figure 2A, the "gas in" channel shown in Figure 2C is shown 
as a circular channel extending perpendicular to the page generally towards the top of 
Figure 2A and is labeled "gas inlet." The "gas out" channel shown in Figure 2C is seen 
in Figure 2A, as a circle, extending perpendicularly to the plane of the page, and is 
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labeled "gas outlet." As shown in Figure 2A, the gas inlet and the gas outlet are 
connected by a network of channels which include four parallel vertical channels which 
extend between two horizontal parallel channels. 

It should be emphasized that the gas inlet channel and the gas outlet channel, 
together with the connecting network of channels, are all located at the anode side of 
the reactor - that is to say at the left hand side of the MEA as shown in Figure 2C. 
There is a corresponding network of channels on the cathode side of the reactor, but 
there is clearly no direct communication between the anode channels and the cathode 
channels, because otherwise the reactor would not function. 

It is also noted that the channels, which are referred to as a "flow field" in Law, 
are formed by machining in the respective graphite blocks, as discussed in lines 9 to 13 
of column 4 of Law. 

Having discussed the structure of the reactor described in Law, attention is now 
turned to the differences between claim 1 of the current application and the method of 
reacting carboxylic acids that is disclosed and described in Law. 

Claim 1 of the current application requires: 

"using electrodes to apply an electrical voltage between 
opposite ends of a channel containing a liquid." 

Additionally, claim 1 of the current application requires that: 

"said reaction [that is to say the reaction between the 
carboxylic acid molecules] taking place in the liquid in the 
channel." 

In Law, the only channel in which carboxylic acids react is the channel network 
consisting of the gas inlet channel, the gas outlet channel and the connecting network of 
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channels which are formed in the graphite block of the anode side of the reactor. 
However, in Law, there is no use of electrodes to apply an electrical voltage between 
opposite ends of this channel, as required by claim 1 of the current application. Instead, 
in the polymer electrolyte membrane reactor described in Law, the channels in the 
anode side of the reactor lie adjacent the anode of the MEA. However, there is no 
electrical voltage applied between opposite ends of the channel. 

Moreover, one of ordinary skill in the art would not adapt or modify the reactor 
described in Law so as to apply an electrical voltage between opposite ends of the 
channels in the anode side of the reactor, because this would interfere with the proper 
functioning of the reactor. Accordingly, this is a clear distinction between claim 1 of the 
current application and Law. Further, claim 1 of the current application also requires 
that: 

"said reaction taking place in the liquid in the channel and 
spaced from the electrodes." 

In contrast, in Law, Figure 1 indicates that the reaction between the carboxylic 
acids takes place at the anode surface. There is no suggestion whatsoever in Law that 
the reaction between the carboxylic acids may take place at a location spaced from the 
anode. Further, Law provides no motivation for one of ordinary skill in the art to modify 
the location of where the reaction is to take place. 

Accordingly, it is respectfully submitted that claim 1 of the current application is 
not anticipated by Law. 

Claim 2 of the current application requires that: 

"the electrical voltage causes electro-osmotic movement of 
the liquid along the channel." 
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In this regard, the Examiner alleges, on page 4 of the Office Action, that electro- 
osmotic movement of the liquid along the channels of Law is inherent. This is 
respectfully denied. For the following reasons, it is respectfully submitted that no 
electro-osmotic movement of liquid takes place in the channels of Law. 

Firstly, in order to achieve electro-osmotic movement along a channel, it is 
necessary to have a voltage difference between the ends of the channel. For example, 
as shown in U.S. Patent No. 6,989,090 (also referred to by the Examiner), this is 
achieved by placing electrodes of opposite polarity at the ends of the channels. 
However, in the channels provided in the reactor of Law, there is no voltage difference 
between the ends of the channels, and so electro-osmotic flow cannot take place. 

Another requirement for electro-osmotic flow is described in the right hand 

column of page 4R of the Review Article by S.J. Haswell, which was also referred to by 

the Examiner. Here, it is stated that: 

"Firstly, in order to generate the EOF one must use a 
material which will yield negatively charged groups on the 
surface or walls of the channels when placed in contact with 
an appropriate liquid. Secondly, the liquid phase must 
dissociate to some extent in order to generate counter 
positive ions (notably H+ ions). The combination of the 
negatively charged surface ... and the H+ ions in solution will 
form a diffuse double layer .... This diffuse double layer acts 
as a parallel-plate electric capacitor ..." 

In Law, the channels are formed by machining in the graphite blocks, and so the 

walls of the channels will be formed by a graphite. Additionally, the liquids are pure 

carboxylic acids (not solutions of carboxylic acids). It is respectfully submitted that this 

combination of graphite and pure carboxylic acid is unsuitable for the generation of an 

electro-osmotic force. 
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Based on the foregoing, Applicants respectfully submit that claims 1-2, 5-7 and 
10-1 1 are not anticipated by Law under 35 U.S.C. § 102(b). 

Claims 15, 18-20 and 23-24 were rejected under 35 U.S.C. § 102(b) as being 
anticipated by Law. Applicants respectfully traverse this rejection based on the 
following discussion. 

Claim 15 of the current application requires: 

"applying an electrical voltage to cause electro-osmotic 
movement of the liquid along the channel." 

However, for the reasons given above, this feature is not present in the reactor of 
Law. Moreover, electro-osmotic flow cannot take place in the reactor of Law, because 
the materials used are incompatible with electro-osmotic flow, and because the 
application of a voltage to cause electro-osmotic flow would interfere with the proper 
operation of the reactor of Law. 

Based on the foregoing, Applicants respectfully submit that claims 15, 18-20 and 
23-24 are not anticipated by Law. 

Claims 1-14 were rejected under 35 U.S.C. § 103(a) as being unpatentable over 
Meresz et al. (U.S. Patent No. 4,006,065) (hereinafter "Meresz") in view of Haswell et al. 
(U.S. Patent No. 6,989,090) (hereinafter "Haswell '090") and Haswell, S.J., 
"Development and Operating Characteristics of Micro Flow Injection Analysis Systems 
Based on Electroosmotic Flow" (hereinafter "The Analyst article"). 

Contrary to the § 103(a) rejection, Applicants respectfully submit that claims 1-14 
are not obvious in view of the aforementioned references. 

Meresz describes a reaction which is simply a variant of the classic Kolbe 
reaction. This is acknowledged by Meresz in line 35 of column 1. The Meresz reaction 
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is a variant because it uses an unsaturated carboxylic acid so as to form an unsaturated 
product. 

On page 7 of the Office Action, the Examiner alleges that Meresz teaches that 
the reaction takes place at a location spaced from the electrodes. However, this is 
respectfully traversed. There is no teaching or suggestion in Meresz that the reaction 
takes place at a location spaced from the electrodes. 

As discussed above, the Meresz reaction is simply a variant of the classic Kolbe 
reaction. The established theory relating to the Kolbe reaction is that the reaction 
between the carboxylate anions takes place at the electrode surface. In support of this 
we enclose a copy of a review article relating to the Kolbe reaction and entitled 
"Electrolytic Condensation of Carboxylic Acids" which appeared in volume 29 No. 3 of 
Russian Chemical Reviews in March 1960. This article makes is quite clear that the 
established wisdom with regard to the Kolbe type reaction is that the reaction takes 
place at the anode surface. 

For example, in the right hand column of page 161 it is stated that: 

"At present the term "Kolbe Synthesis" is understood to imply 
electrode condensation at the anode ...." 

Further, in the right hand column of page 176, it is stated that: 

"It can be assumed that the discharge of the carboxylic acid 
ion and its simultaneous interaction with the higher platinum 
oxides (formed at the electrode) is a necessary condition for 
the electrolytic condensation." 

In view of this established wisdom, a person of ordinary skill in the art, reading 

Meresz, would have understood that the reaction between the carboxylic acid anions 
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takes place at the anode surface, not at a location spaced from the electrodes as 
required by claim 1 of the current application. 

The Examiner alleges that it would be obvious to use the Meresz reaction in a 
micro-reactor of the type disclosed in Haswell '090, or in the Haswell Analyst article. 
However, this is respectfully traversed. In micro-reactors, reactions take place in the 
channels between the electrodes - not at the electrode surfaces. In view of this, the 
skilled person simply would not have attempted to use the Meresz reaction in a micro- 
reactor - because the skilled person would have understood that the Meresz reaction 
takes place at the anode surface, and so the skilled person would have reasoned that 
the reaction would not have taken place at all in the micro-reactor. 

A thoroughly surprising aspect of the current invention is that a Kolbe type 
reaction can be performed in a micro-reactor and that the reaction takes place in the 
channels spaced from the electrodes. This would not have been anticipated by the 
skilled person in view of the cited documents. 

Based on the foregoing, Applicants respectfully submit that claims 1-14 are not 
obvious under 35 U.S.C. § 103(a) in view of the aforementioned cited references. 

In view of the foregoing, Applicants respectfully submit that the present 
application is in condition for allowance. 
END REMARKS 
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INTRODUCTION 

Investigations on electrolytic condensation processes 
and, In general, on organic electrosynthesis, were first 
carried out in 1849 by Kolbe who obtained ethane and carbon 
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dioxide at the anode during the electrolysis of an aqueous 
solution of potassium acetate (in the hope of separating the 
methyl radical) 1 . Later it was found that the electrolysis 
products also contained ethylene and methyl acetate 3 . 

Kolbe believed that the substances formed at the anode 
were products of the partial oxidation of acetic acid with 
oxygen which was liberated at the anode, and therefore found 
it impossible to evaluate the reaction that he had discovered. 
Electrolytic condensation methods were used extensively in 
preparative organic chemistry as early as the second half 
of the 19th century. The fundamental nature of the Kolbe 
reaction became clear: a discharge of the carboxylic acid 
anions with subsequent decarboxylation and "fusion" of the 
radicals: 


RCOCH 
RCOOi 


— R-R+2CCV 


In 1855 Wurtz V first extended the use of the Kolbe syn- 
thesis by proving that it was possible to condense acids with 
varying numbers of carbon-atoms (the so-called "crossed" 
synthesis): 

R.COO-j 


R, + 2CO,. 


Brown and Walker* found in 1891 that diesters of dicar- 
boxyllc acids could be synthesised by the electrolysis of 
salts of half -ester 6 of aliphatic dicarboxylic acids: 

2ROOC{CH 1 ) J} COO- ~ RCOCfCH,)*, COOR + 2CO,. 

Subsequent detailed investigations on the electrolytic syn- 
thesis of diethyl succinate from ethyl malonate 6 " 8 confirmed 
that the Brown-Walker reaction was analogous to the elec- 
trolysis of salts of acetic acid and of other acids of the ali- 
phatic series. 

At present the term "Kolbe synthesis" is understood to 
imply electrocondensatio n at the anode not only of fatty 
acids but also of their various derivatives, such as the half- 
-esters of dibasic acids. In this reaction water is usually 
used as solvent, but a series of publications quoted below 
describe the Kolbe synthesis in solvents such as alcohols, 
acetic acids, etc. 

Side reactions usually occur during the formation of the 
desired compound, especially when the synthesis is carried 
out in an aqueous medium. This applies especially to the 
electrolysis of solutions of salts of carboxylic acids, as 
first shown by Hofer and MoestV 0 , when an alcohol contain- 
ing one carbon-atom less than the original acid is also 
formed: 

RCH£0O- ) -v 

J-RCH^+CO, 

The formation of alcohol, according to the Hofer-Moest re- 
action, can become predominant in an alkaline medium and 
in the presence of certain anions; in this case the hydroxyl 
group can occupy not only the <* -position in relation to the 
carboxyl group of the initial compound, but also the 0- or 
even the ? -position 11 " M , Frequently, especially at low cur- 
rent densities, saturated and unsaturated 11 > 14 > 16 # 19 " 32 
hydrocarbons* have been detected in the reaction products; 
these contain 2 carbon atoms less than the normal product; 

2RCH|CH£0O- — RCH£H| + RCH**CH| «f 2CCV 


♦ The use of this side reaction for the synthesis of muscone 
from (3-oxocyciopeDtadeoyl-l)-aoetic acid*Ma Interesting. 


161 


OCIO: <XP 90?3157A_I.> 


XP009023157 


VOL. 29, NO. 5 


RUSSIAN CHEMICAL REVIEWS 


MARCH I960 


It has been shown that esters hW" and also alde- 
hydes 'W 7 and ketones 14 » 1C are formed as by-products 
during the Kolbe synthesis. 

Despite these side reactions, the Kolbe condensation is 
a most convenient method for preparing various organic 
compounds. Recently numerous studies have been devoted 
to it and its practical applications. This review covers 
publications on anodic condensation reactions up to 1958* 

EFFECT OF EXPERIMENTAL CONDITIONS ON THE 
COURSE OF THE KOLBE SYNTHESIS 

The yield of the principal electrocondensation product 
and the character of the side-reactions in the Kolbe syn- \p 
thesis are mainly determined by the reaction conditions 
(anodic current density, anode material, temperature, etc.). 
The effect of these conditions has been evaluated in detail 
for the electrolysis of aqueous solutions of alkali-metal 
acetates 8 »» " 38 and the synthesis of diethyl succinate from the 
monoester of malonic acid. 

It may be assumed that basic principles, established for 
thesecases, apply generally to electrolytic condensation in 
aqueous media. The following account of the dependence of 
the electrolytic condensation on the conditions of electroly- 
sis applies only to aqueous solutions. 


2) Effect of Current Density 

In the electrolysis of solutions of acetic acid and its 
salts increase of current density usually favours the syn- 
thesis 44 According to Giasstone andHickling 4 * theoptimum 
current density for a smooth platinum anode in a solution 
containing equimolar quantities of acetic acid and potassium 
acetate is 25 A/dm 2 . A further increase of current density 
does not increase the yield of ethane. A solution containing 
equimolar quantities of monoethyl malonate and of its pot- 
assium salt shows similar behaviour 6 (Table 2). 


1) Effect of Anode Material 

In the electrolysis of acetates, the highest yields of 
ethane are obtained by using a smooth platinum or iridium 
anode 39 ; gold, nickel, and platinised platinum give nega- 
tive results av*-* 2 . Graphite anodes give moderate yields 
of ethane, and the quantity of ethane formed depends on the 
fineness of division of the graphite surface 37 * Analogous 
effects were found on electrolysis of monoethyl malonate 8 » 43 . 
Table 1 shows how the yield of ethane (from potassium ace- 
tate - Giasstone and Hiclding 37 ) and of diethyl succinate 
(from the monoester of malonic acid - Hickllng and West- 
wood 6 ) depends on the anode material. 


TABLE l. 


Am* 

SaoeA 

PI atta- 
in 
Pi 

Ay 
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Ritort 
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3) Effect of Temperature 

As a rule the yield of ethane on electrolysing acetic acid- 
-acetate solutions falls with Increasing temperature 86 ' 48 ^ 7 . 
Thus for a 20% solution of potassium acetate, the yield of 
ethane decreases from 83% at 0° to 12% at 95V fl ' 4fi for a 
5% solution at 25 A/dm 2 , the yield falls from 88.2% at 13° 
to 0.8% at 92% and at 100° no ethane is formed 44 . In other 
words, the adverse effect of raising the temperature be- 
comes more obvious the more dilute the solution. 

The yield of diethyl succinate on electrolysis of aqueous 
potassium ethyl malonate 0 was 74% at 10° and only 22% at 
90°; the current density was 50 A/dm 3 in both cases. 


TABLE 3. 
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** Some previously published reviews and monographs n ' u 
were consulted when oompiling the present survey. 


Without 

KF 

KOOi 

KNO> 

KH ; P0 4 

KQ 

K»SO« 

K,Fe(CN). 


4) Effect of Foreign Anions 

Foreign anions inhibit the principal anodic reaction and 
their presence leads to the formation of by-products. In 
particular, methanol is formed instead of ethane (Hofer- 
-Moest reaction M°,4») when aqueous solutions of alkali - 
-metal acetates are electrolysed in the presence of bicar- 
bonates, sulphates, andperchlorates. The presence of 
foreign ions in the acetic acid solution may explain why 
some investigators did not succeed in preparing ethane by 
the Kolbe synthesis *M°. Giasstone, Hickling, and West- 
wood 8 *" have made a detailed study of the effect of such 
anions on the electrolysis of solutions of acetic acid and 
monoethyl malonate; the results are set out in Table 3. 

The authors conclude that the inhibiting effect on the 
Kolbe synthesis increases with the mobility of the anion, 
and is considerably weaker in the electrolysis of solutions 
of salts of organic acids than in the electrolysis of aqueous 
solutions of the free acids. 

5) Effect of Cations 

The presence of certain metallic cations (Pb 3+ , Mn**, 
Cu 3 +, Fe* + , and Co 2+ ) in relatively small amounts strongly 
affects the course of the Kolbe reaction in solutions of al- 
kali-metal acetates, reducing the yield of ethane and in 
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several cases completely suppressing its formation 37 * 91 
For example, the addition of 0.001 M lead acetate to a solu- 
tion containing acetic acid and potassium acetate in equimolar 
amounts reduces the yield of ethane from 70% to zero at 
current density 2.5 A/dm 2 . 61 The effect of the cations 
follows the order Pb" > Mn" > Cu" > Co" «= Fe tt and is 
especially marked at low current densities. Analogous re- 
sults were obtained when the same cations were added to 
potassium ethyl malonate 6 . 

However, the Kolbe synthesis is not inhibited by the 
presence of many other metal cations. Glasstone and Hick- 
ling 37 obtained ethane in satisfactory yields in the electro- 
lysis of potassium, sodium, calcium, barium, and other 
acetate solutions (Table 4). 


6) Effect of the pH of the Medium 

The principal reaction product is usually formed when 
the pH of the electrolyte is low, its yield falling with in- 
creasing pH."*". According to Glasstone, Hickling, and 
Westwood fl >«, the optimum pH values lie within the limits 
3-5 (Table 5); the yield of the product decreases rapidly in 
an alkaline electrolyte (at pH > 10). 
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* Some acetamlde, methylamlne, and urea 154 were also 
found on electrolysis of ammonium acetate solution. 

** In aome cases, a theoretical yield of ethane was obtained 
on electrolysis of zinc acetate solution 63 . 
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7) Effect of Concentration 

Increased concentration of car boxylic -acid anions usually 
leads to higher yields of the principal condensation pro- 
duct 44 > M > W , the extent of side reactions increasing as the 
concentration is lowered. For example the yield of ethane 
decreases during the electrolysis of dilute potassium ace- 
tate solutions, more ethylene and methane being formed 6 ** 67 . 
Data 9 * 37 illustrating the effect of concentration are set out 
in l&ble 6. 

ELECTROLYTIC CONDENSATION IN NON-AQUEOUS 
SOLVENTS 

The first experiments on the use of ethanol, propanol, 
and butanol as solvents in the electrolysis of acetates were 
carried out in 1886 88 . The electrolysis of potassium ace- 
tate in glacial acetic acid was investigated in 1904. B9 >*° 
Further experiments were carried out on the electrolysis 
of acetates, propionates, and formates in anhydrous 
acetic, propionic, and formic acids lfl . Detailed studies 
proved^iSBrfi.u that the anode material, current density, 
temperature, etc., have little effect on the yield of the pro- 
duct in the electrolysis of solutions of carboxylic-acid salts 
in non-aqueous solvents. Thus, the electrolysis of a pot- 
assium acetate solution in anhydrous acetic acid gives 
better yields of ethane when a gold or graphite anode is used 
instead of a platinum anode the ratio C 2 Hb ; Hg equals 
0.96 for a platinum anode, 0.90 for a gold anode, and 0.89 
for a graphite anode; the addition of even 1% of water to 
the electrolyte, when a gold anode is used decreases the 
yield of ethane to 65%; the yield falls to 1.6% in the pres- 
ence of 10% of water. Similar results were obtained in the 
electrolytic condensation of potassium propionate dissolved 
in anhydrous methanol 40 . 

Detailed studies of the electrolysis of potassium acetate 6 * 
and ethyl malonate 7 in an ethylene -glycol solution have 
also shown that only slight variations occurred in the yield 
of the principal product in the presence of foreign cations 
and anions, and when the anodic current densities, concen- 
tration, temperature, and anode material were varied. 


In large-scale electrolysis these advantages are offset by 
difficulties due to the low electrical conductivity of the solu- 
tions and high voltage required when working in non-aque- 
ous solvents. " 


EFFECT OF THE STRUCTURE OF ACIDS ON THE 
COURSE OF THE KOLBE SYNTHESIS 

Numerous investigations have shown that the yield of the 
product in the Kblbe reaction is not only aifected by the con- 
ditions of electrolysis mentioned above but also to a con- 
siderable degree by the structure of the acids condensed. 
Thus, ff-substituted carboxyUc acids, cannot, in general, 
be subjected to the Kolbe reaction or enter into the reac- 
tion only with great difficulty. The same applies to a f 0- 
and 0,y-unsaturated acids. Consequently, the structure of 
the initial acids or carboxylic-acid esters has to be con- 
sidered before using them in electrolytic-condensation re- 
actions. 

The behaviour of various acids, in relation to their 
structure, during electrosynthesis reactions is described 
below. The data {unless otherwise indicated) refer to the 
electrolysis of aqueous solutions of sodium or potassium 
salts of carboxylic acids, usually in the presence of free 
acids. 

1) Saturated Straight-Chain Acids 

Fatty acids with straight C -chains of varying lengths 
have been subjected to the Kolbe electrolytic-condensa- 
tion reaction, and normal synthesis products in satisfactory 
yields have been obtained in all cases, with the exception of 
formic acid, Many investigators have failed in attempts to 
produce hydrogen as well as CO, at the anode, according to 
the Kblbe reaction, on electrolysing formic acid and its 
salts. COa or COj and oxygen usually appear at the anode 
and the hydrogen formed is oxidised 1B » B4 "" m to water. 

Some metals of the platinum group (rhodium 77 " 7P , palla- 
dium w - tt and especially osmium 82 ) cause formic acid to de- 
compose as follows: 

HCCOH- H, + CO,. 
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Although this reaction suggests that electrodes made of 
hese metals could be used In the electrolysis ol fornuc 
cS, to actual experiments hydrogen did not appear at the 
modes 83 . 

It has been mentioned above that yields ol ( ethane ^over 
Kflt). are obtained on electrolysing acetic acid orits salts 
,„der simiiar conditions. The values of the P° e n- 
ialshavebeen measured™ numerous mvestlgaUons - . . 
Sxpexlments have been carried out on the M**** 
1C etates with alternating current' 6 - 76 ' 61 on the electro- 
"sisofmolfen acetate^."-, andon the «M. nj£™- 
metals"."" 188 . The electrolytic condensation of deuterated 
acetates and acetic acid, in ordinary and heavy water 
has also been studied. 

Manv investigations have been devoted to the electrolysis 

of S$££w acic^: P^ 0 "C l5, ?T- 7 ™ 
<* ice-loo but yric io f n,2o l «,ss l 64 f w,BB,iio f valeric *> 24 , capro- 

ic 14.1^111-11^ oenanthic"> 111 ' 112 , and caprylic 112 , 116 **. 

On electrolysis of potassium laurate in aqueous al- 
cohol*"* n-docosane was °«V\ 9 i ?J|fk,m 
under analogous conditions myrlstic and palmitic jttids • 
gave the corresponding n-hexacosane (up to 89% yield) and 
n-triacontane (up to 88% yield). Pentadecanol and pentode- 
cane are formed as by-products in the electrolysis of pal- 
mitic acid*,* Stearic acid gives a 73.6% yield of n-tetra- 
triacontane*; other workers"',"' have also investigated 
this reaction. 


2) Half -Esters of Dibasic Acids 

Earlier it was shown that alkali-metal salts of dicar- 
boxylic-acidmonoesters react, on electrolysis, similarly 
to monobasic fatty acids and give diesters in * yiwflfl; 
an exception is the raonoester of oxalic acid" 0 which yields 
hydrogen, carbon dioxide, and ethylene on electrolysis. 

The method proved to be very satisfactory for the pro- 
duction of up to C M normal dicarboxylic acids. The opti- 
mum conditions are similar to those for the synthesis of 
ethane: high concentration of the electrolyte solution, 
low temperature, high anodic current density, etc. Table 7 
shows the yields obtained. 

3) Branched-Chain Acids and Half-Esters 

The position of the substituent in alkyl-substituted acids 
affects the yield of the end product of the Kolbe reaction to 
a considerable extent. Branching of the chains in the or-po- 
sition to the carboxylic group gives rise to the formation of 
olefins, alcohols, and other by-products; on electrolysis 
such acids or half -esters give a small yieldor no yield of the re- 
quired product. Thus, isobutyric acid gives only small 
quantities of 2,3 -dime thyibutane, the predominant product 
being propylene; isopropyl alcohol and isopropyl butyrate 
are formed at the same time* 6 * 35 , 64 . 


Electrolysis of a-methyl butyric acid gives negligible 
quantities of 3,4-dimethylhexane and leads to formation of 
but-2-ene, trimethylcarblnol, and its a-methylbutyric-acid 
ester 28 *. 

Pivalic acid, in an analogous manner, yields predomi- 
nantly isobutylene and but-2-ene and only insignificant quan- 
tities of hexamethyiethane". 

Swann 152 was unable to identify the desired reaction pro- 
duct on electrolysing a-methyivaleric acid and a-ethyl- 
butyric acid. Later, more accurate investigations 163 on 
the electrolytic condensation of the latter acid made it pos- 
sible to separate tetraethylethane together with other com- 
pounds (pent-2-ene, pentan-2-oi, pentan-3 -one, etc.). It 
has also been shown that 17,18-dibutyltetratriacontane can 
be prepared by the electrolysis of a-butylstearic acid 1 ". 

Monoesters of dicarboxylic acids, containing alkyl sub- 
stituents in the or-position to the carboxyl group, behave 
similarly Thus, the ethyl esters of methylmalonic, ethyl- 
malonic, dimethylmalonic 12t >, diethylmalonic 12 V", and 
dipropylmalonic 1 * 8 acids give on electrolysis small yields 
of the products. 

It is possible to prepare the diethyl ester of ftMV- 
-tetramethyl adipic acid (5-8% yield) by electrolysing the 
monoethyl ester of a,a-dimethyl succinic acid in metha- 
nol 157 * More satisfactory results are obtained with )3-,y-,6-, 
etc. mono- and dialkyl -substituted acids. Table 8 gives 
data on the Kdlbe reaction with acids and esters containing 
a branched chain in positions other than the apposition. 

The optical activity of the asymmetric carbon atom in 
the ^-position to the carboxyl group is preserved during 
the Kolbe reaction. It is therefore possible to use the elec- 
trochemical method to prepare stereoisomers of the dimethyl 
ester of -dimethyl suberic acid, with an approximate 
yield of 70%, from the !(+)- and D(-)- methyl esters of 
0-methylglutaric acid 1 * 9 . 


* In some cases" the electrolysis of an acetic acid solution 
differed from the usual course of the process. 

** The yield of the principal condensation product has not been 
given. 

*** in one investigation methyl laurate was obtained on eleotroly- 
a is of potassium laurate In boiling methanol. in the presenoe of 
potassium chloride (graphite anode, 3.5A, 90V) 1U . 


4) Unsaturated Acids 

Numerous investigations have proved that neither <y,p- 
nor j3,y-unsaturated acids undergo electrolytic condensation. 
The former acids give small quantities of acetylenes on 
electrolysis; thus acetylene is formed from acrylic acid 1 * 4 , 
and aUylene and but-2-yne respectively from crotordc* 85 , 188 
and tiglic acids 187 . Negative results were obtained on elec- 
trolysis of fumarates 12 V 88 , maleates "M" citraconates 120 , 
esters of allylmalonic 120 and muconlc acids lfl8 . 

Fichter and Holbro 170 carried out experiments on the 
electrolytic condensation of 0,r-hexenoic acid and obtained 
negative results; they ascertained at the same time that 
y,6-hexenoic acid gave the normal condensation product 
deca-2,8-diene f in addition to by-products (penta-l,3-diene, 
pent-2-ene-6-ol, and its hexenoic-acid ester). 

The normal condensation product was obtained (55% 
yield) on electrolysis of 4-ethoxycarbonyl-3-methylbut-3- 
-enecarboxylic acid 183 in methanol: 

2C 1 H i CCCCH-C(ai J }CH s CH|C00H - [C»H|OOCCH -C (CH,) CH^OU * 

Satisfactory results were also obtained with unsaturated 
acids in which the double bond is further removed from the 


* The Inactive 3,4-dtmethylhexane formed on electrolysis of 
d- and /-a- methylbutyric aoids 15 * , together with the inactive 
butan-2-ol and its armethyl butyric acid ester 111 . 
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TABLE 7. Kolbe reaction for half -esters of dlcarboxyllo acids with a straight ROOC(CH 2 ) a COOH chain. 


India! half-ell* 




Yltlrfof 

R< fer- 
tile • 


n 

Solvent 

Meln product 

By * pf c <Kf c 1 1 

«hict!? 0 ' 


1 Eibyl melon*. 

HgO 

HktWqCH^OOCjFU 


00 

S 


2 Methyl succinate 

CHjOH 

H^COOqCHtJXOOCH, 

^H^OOCH, 
H,COOC(CH,) 3 CH 

7G 

I2f 





^CHjCHtCCOCH, 




2 Ethyl succinate 

HjO 

W i C*XX(CI^CCO t H 6 
CHmCKLonf/n^ rfwvwj* u 

_ 

35 

s 



CHjOH 

- 

50 
AO 

K3 

CH a 

3 UUlhyl fllutfllOte 

CHjOH 

HjCOOQOf-l/WiTM 


0'i 

r£» 

CiH; 

3 EiWIohrtorote 

H*0 

H»C-OOQCH 1 ).CCOC l H 1 


28 

& 



CHjOH-f 
-fC»H»N 
CH,OH 

Q^CHjOOqCH^COOCH^CH 

— 

2i 

tJfi 

ch 3 

4 U.rKyl dipt. 

H,C0OC<CH,VX)0CH 9 






CH^OH 

HjCOOC(CH > ) l CCOCH l 


74.3 



^ FtKlf I AvJtKjri* 

> be lily I oaipflTI 

CHjOH 

H J COOC(CH Jt ) l COOCH 3 


20 




CH 1 »CH(CHj} < CCOC I H l 


t» 

ru 
L.nj 

•J Methyl plmetote 

CHjOH 

H//YWTU \ r/vvu 


47 

W 

C a H, 

» Ethyl plm* lift 

HjO 

H l C J 0CK^a^ B CO0C 1 H J 

HiCCOqCHOaCH-CH, 



ISO 
131 

CH 3 

0 Methyl tubercle 

CHjOH 

H^COQO^^OOCH, 

- 


127 


0 Ethyl tubtrete 

C.H.0H4 

HjC^OCOCHAXOOCiHt 

CH, dCHfCH,LCOOCHi 

— 
25 

6 

CHj 


11,0 




* Metnyi azeiote 

CH^OH 

H«CG0<7CH»V.COOCH. 


54 

177 


7 Ethyl „ t | att 




21 

Uj 
IM 



i-i r» 
n T J 


*"* 

QHj 

' cinyl aielOl* Hit 

H,Q 

H,C#)QCH,) M O0OC J H, 


38—40 

135 



CH.OH 

H»C^OOC(CH 1 ), 4 COOC,Hft 


45 

138 



C,H,OH+ 

H,(V)C«(CH0 l4 COOC 1 H l 

aiiwCHtCHdbOOOCiHi 


132 

CH a 

8 Methyl M boc«t« 

CH,OH 

H^OOqCH^uCCOCH, 


42 

127 



CH/)H 

HjOOOQCH^^OCCH, 


06 

W7.t38 

C,H, 

3 Ethyl iifroc<jf# 

HtO 

HiCdOOC/TH.1. .CDOCH. 


20 

6 



H«0 

HiC^OOC^CH^gCOOC^i 

CH,-CH(CH^COOC,H| 

20-40 

t2D 



H£ 

H,Ci0OC(CH0i»CO0C 1 H, 


30-35 





HiC^XX^CHtKiCCOC^Hi 

CHjsCHfCHOfCOOCtH, 1 

18-25 

t<0 





H^C^XJQO^L^COOCjH, | 


HI 




H i C 1 COC(CH^ ( COOC 1 H, 


- 



w 

H^CaOOqCHj^iCOOCjH* 


44-48 





HfCOOQCHOiiCOOQH, 


16,5 

to 



HjO 

H*C.{XYVnH.Y./Y¥Y\H. 



t« 



CH/)H 

H < C 3 OOQCH 1 ) tl COOC t H» 
H,C a OOQCH 1 ) u COOC l H l 


32 

I4B 



CHjOH 

- 


13ft 



CHjOH 



65 

tJ7 

CH. o 

cinyi oojiuub* ijt* oiccTuoxyisifl 

CHiOH 

H«CWqCH,)iiCOOC^, 

- 


140 

CH, 10 

Methyl decmt-1, NWlcorbwylde 

CH*OH 

HjCOOqCH^COOCH, 

CH,-CH(CH 1 ) I CCCCH > 

43 

147 





probably 


m 



CH^OH 

HsGOOQCH^CCOCH, 

aijC^c^coccH, 

— 

Cj\ t 10 

Methyl daca/ie-l, ICdtccrboiylate 

H£+ 

^C^CCfOy^jCOOC^, 

(^aiTHACOOCtH, 


m 



r-C,H,OH 




CH, 11 

Metiyl bfouyion 

CHjOH 

HjCCOqCHOijCCOCH, 
H,C 1 OCC(CH 1 ) t< COOC,H l 

CHj-Cf^CHOtCOOCH, 


148 

C.H, 12 

Ethyl <fod*can**l.l2*dlcarboxylat« 



5.1 

133 

CH 3 14 

M*ihyl tetrodec<BT*«l,l*4lcaib«syt'<ite 

CHjOH 

H/TOOCfCHiJaCOOCH, 

H,COOqCH I ) 1< COOCH < 

6 

141 

GH> 14 

Ethyl l.tM^cw^M^dlcorlKwyl^ 

CH/>H 

H^C^COQCH^COOQHt 


10 

m 


C 

fH|OH-{- 

HvC/XXlCHalaCOCCH, 


4.7 

IE 








Ethyl h*«J, CB n^l ( lo-ctkarUwy let*. C 

,H«OHf 

HaCOOQCH,),^)^^ 


• 

t4l 



+H,0 




* The cyclic ester of trlmesic acid is formed in the eleotrolysis of monoethyl succinate 112 , The authors assume that, 
the ester of 0 -hydroxypropionic (n) and acrylic (TJJ) acids are formed aocording to the Hofer-Moest reaction; (U) is 
oxidised at the anode to the formalacetate (IV), which is then condensed to the trtmeaate (V): 

~QH,COC CH-CH ? 


r^OOqCH^OOH C J H l 0OC(Cfl f ) l aH 


COOCjHi 


(m j 

t^ooccfl.cao A 

HAOOC^^J-CCOC^U 
** The electrolysis is carried out in the presence of sodium formate. 
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carboxyl group, such as undec-lO-enoic 113 ! 1 "." 1 , 1 ™ pe tro- 
selinic 173 , oleic ^^w-w, erucic 173 , andricinoleic 1 ™," 8 

The use of the Kolbe synthesis was further extended by 
Bounds et al. 171 , who found that the geometrical configura- 
tion at the double bonds was preserved during the electro- 
lysis of acids of the ethylene series; thus unsaturated com- 
pounds with known geometrical configuration can be synthe- 
sised by the electrochemical method. In the electrolytic 
condensation of oleic and elaidic acids in absolute methanol 
the authors obtained the corresponding cis~cis -tetr atria - 
conta-9,25-diene (23% yield) and trans -frons -tetratr iacon- 
ta-9,25-diene {44% yield). 

In the electrolytic condensation of unsaturated acids the 
anode generally becomes coated with a layer of insoluble 
polymers which are formed during the reaction and inhibit 
it, especially when the acids contain several double bonds m . 
A large quantity of polymeric products separates during the 
electrolytic condensation of the monomethyl ester of dec-5- 
-ene-l,10-dicarboxylic acid 170 ; only small yields of the 
normal product (eicosa-5,15-oUene-l,20-dicarboxylic acid) 
were obtained. 


5) Aliphatic Hydroxy- and Alkoxyacids 

Aliphatic hydroxyaclds are not very suitable for the 
Kolbe reaction as the hydroxyl group is readily oxidised, 
especially when it is adjacent to the carboxyl group. Al- 
koxyacids are more stable. 

On electrolysis, of-hydroxy- and a-alkoxyacids (e.g. 
glycolic 179 , methoxy- and ethoxyacetic acids 180 ' 182 , or-hy- 
droxyoenanthic acid" 2 , lactic 180 » 183 > 1IH , a -hydroxybutyric , 
and a-hydroxyisobutyricacids 180 ) give an aldehyde or ketone 
as well as an acid containing one carbon atom less than the 
starting material. Lactic acid has thus been converted to 
pyruvic acid 185 . 

When the monoethyl esters of ethoxymalonic and sym- 
metrical diethoxysuccinic acid were electrolysed 182 , only 
small quantities of the condensation product (the diethyl 
ester of diethoxysuccinic acid) were separated in the first 
case, and none at all in the second case. 

Negative results were obtained on electrolysing 0-hy- 
droxyaclds; electrolytic condensation of hydracrylic 
acid 180 ! 108 , for example, only resulted in the formation of 
oxidation products (formic acid, C0 2 , etc.). Formic acid, 
crotonaldehyde, and other oxidation products are obtained 
from 0-hydroxybutyric acid 180 . 

0-Alkoxyacids undergo the Kolbe reaction; the diisopen- 
tyl ether of butane -1, 4 -diol (50% yield) was prepared by 
electrolysing /3-isopentyioxypropionic acid 187 * 188 *. 

In the electrolysis of y-pentyloxy butyric acid 180 it was 
found that hydrolysis replaced the Kolbe reaction, leading 
to the formation of pentyi alcohol and y- hydroxybutyric acid. 
In the electrolysis of y-ethoxy butyric acid J91 it was possible 
to separate the diethyl ether of hexanediol (20% yield). 
Further electrolytic condensation experiments have been 
carried out with 4,8 -dimethyl -9 -ethoxynoaanoic acid in an- 
hydrous methanol 158 and 2,6,ll,15-tetramemyl-l,l6-di- 
ethoxyhexadecane was formed. 


Satisfactory results were obtained by electrolysis of 
water-alcohol and alcoholic solutions of ricinoieic 17 V 76 and 
dihydroxystearic acids 170 . The electrolysis of (±)-threo- 
-9,10-dihydroxystearic and (±)w^ytftro-9,10-cUhydroxy 
stearic acid in absolute alcohol 171 gave the corresponding 
diastereoisomers of the tetrol in 50% and 20% yields re- 
spectively. 

Attention should also be drawn to electrolytic condensa- 
tion experiments with glyceric 18 °, j3-methylgiyceric, and 

0- methylelycidic acids 183 , as well as with the d -tartaric - 
-acid monoethyl ester 193 ; they ail gave negative results, 
as only oxidation products of the initial acids were formed. 

In 1908 Neuberg 184 attempted to produce polyglycols by 
the electrolysis of aldonlc acids (d-gluconic, i-arabonic, 

1- erythronic, and {-glyceric acid) and giycolic acid; how- 
ever, aldehydes, apparently the decomposition products of 
the initial acids, were separated instead of the required 
condensation products: 

CH^OHfmOl^CHOIHCOOH - CH.OHCCHOH), C«0 + HCOOH. 

By this method glucose can be converted stepwise to for- 
maldehyde. It can be assumed that keto-acids of the type 
CHjjOH^HOIDjcCOCOOH are formed as by-products. 

Electrolytic decomposition has also been used in con- 
junction with other carboxylic-acid derivatives of sugars, 
e.g. melibionic acid 189 . 


6) Aldo-Acids 

Free aldo-acids are readily oxidised in the presence of 
oxygen and therefore, cannot be subjected to electrolytic 
condensation. However, their derivatives, the acetals, are 
stable under electrolysis conditions. 

On electrolysing an aqueous solution of the potassium 
salt of j3,/3-aUethoxypropionic acid (Pt anode, Ni cathode, 3 A, 
8-10 V) a 60% yield of bis-diethyiacetal of succinaldehyde 186 * 
was obtained. Analogous experiments with the potassium 
salt of r,y-diethoxybutyric acid led to the formation of the 
bis-diethylacetal of adipaldehyde (35% yield); acrolein ace- 
tal was also formed in this reaction. 

The bis-dimethylacetal of hexadecane-l,16-dial was ob- 
tained by electrolysing 9, 9-dimethoxynonanoic acid in an- 
hydrous methanol (3-4 A, 40-50 V, 50°-55°); under simi- 
lar conditions 10,10-dimethoxydecanoic acid yielded the bis- 
-dimethylacetal of octadecane- 1,1 8-dial 188 . 

It is very difficult to prepare dialdehydes by purely 
chemical methods. 


7) Keto-Acids 

In the electrolytic condensation of keto-acids, the yield 
of the end product depends to a considerable degree on the 
position of the CO group in the molecule of the initial acid, 
Thus pyruvic acid, the simplest keto-acid, gives only small 
yields of butane-2,3-dione; the principal reaction consists 
in the oxidation of the keto-acid to acetic acid and carbon 
dioxide 189 . Electrolysis of a water -alcohol solution of 
pyruvic acid, in an electrolyser comprising a diaphragm, 


* Experiments cm a similar reaction via the thermal decom- 


position of di (0 - isopeatyloxypropionyl) peroxide were carried out * The electrolysis of fl ,0-diethoxypropionic acid was described 

by Flchter and Sotmider *V Japanese investigators I9T . 
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TABLE 8. Kolbe reaction for acids and half -esters with branched chains. 


Initial reoctant 

| Solvtnl 

Mdn product 

By-croA»eti 

Yield of 
noln pro* 
duct 

Rota- 

I w vol trie odd 

Uocaprolc add 

4,9* DJjiwlhyi»°««fhoi<y 
nonenoic odd 

H,0 
t 

CH^OH 

HiC CH, 

(v >-ch : -ch i -ch< cHi 

[CtH^OCHjCHCCH^CHj^CHfCHjjCHtCH,!, 

liobutyl Isovoftrtfa, trimthyl 
corbtod. Icohtftyl alcohol, kebofyl 
ddthyd* , 2*Mrhy(propeno, but- 2- 


liJ 

10* Mdhyloetod«concic 
odd 

Elhyl 2,P'&n»lhy\ 
Mothyl ^fiMthylglvtarel* 

H,0+ 
-1-CjHiOH 

CH,OH 

CH,OH+ 
+HtO 

CH^CH 3 )^CH 1 XCH0 l< CH(CH J XCH l )^ J 
H»CAX:~C(CH,) I CH^H : C(Ol 1 )^OOC t H l 

CH/XXXH»CH(CH J )CH l CH 1 CH{CH a )CH l COOCH, 

_ 

Ethyi E^bMlhylauytat*, 
dUthyf odor of ■» ytnwltie 
dWthyliuixlttie add, aooodbyl 
tit.r of «iyomo(itcdtenthyUu«» 
ialc acid 

8,3 
32-05 

80 

no 

16? 
169 

Ethyl ft/3»dlnitrhylBlutafott 

H,0 

H 8 C J OOCCH^ l >^^H^CH,)»CH l COOC l H 5 


42 

Ifo 

Mtthyt ft/3tJlm<hylclutaTat« 
Mtthyl m«lhylo<fijwlo 

CHiOH-f- 
pet. «th« 
CHiOH 

HjCOOCCH ^CH^HjCH^^jy.CH^OOCH, 
Diethyl dlmcthytaibaceia 


75 
78 

ICI 
W 

Ethyl )»mtAylod!p«te 

a-fjOH 



70 

m 

M.lhylA^'.jS'.rttro. 

<n«fhyliub«fOt* 

Ethyl 3,7»dlro«fbylnonun*» 

• 1, 9*dicarboxylaf ■ 

CH,OH+ 
per. «th«r 

CHjOH 

[HA^.CHrQCH^CHJjQCH.^H.l, 
fH 1 (^(X<:CH 1 CH f CH(CH 3 XCH») l CH(CH^:H s CH,] i 

Ethyl <flaefhyl*4,6si«onoot#, 
•thyl 4,ft-AfluthyldK-9>«no<>t« 

75 
48 

ISI 
M 


* Here and subsequently the position of the eubstttuent Is given in relation to the free carboiyl 


and graphite, platinum, or lead anodes, gave in all cases 
lactic 200 as well as acetic acid. 

The morioethyl ester of acetone dicarboxylic acid* 01 has 
been electrolysed yielding the diester of hexane-2,5-dione- 
-1,6-dicarboxylic acid (12% yield). 

Considerably better results were obtained in the electro- 
lysis of aqueous solutions of levulinic acid 108 in which the 
normal product, octane-2,7-dione, was obtained in 50% 
yield. When this process is carried out in a 25% sulphuric - 
-acid solution or in methanol, the yield increases to 66% 
and 70% respectively 202 . 

The electrosynthesis process is also favoured 
by increasing the distance between the keto- and the car- 
boxyl group in the keto-acid molecule. Thus tetradecane- 
-3,12-dione, the normal product, was obtained in 74.8% 
yield on electrolysis of 6 -propionylvaieric acid 203 . 


8) Halogeno-Substttuted Acids 

Up to 1956 very little was published on the possibility of 
using the Kolbe reaction for the synthesis of halogeno- 
-substituted compounds. Kaufler and Herzog 20 * discovered 
in 1809 that electrolysis of chloro*-, bromo- and iodoacetic 
acids did not give products of the Kolbe reaction. Ne- 
gative results were also obtained in the electrolysis of di~ 
chloro- 209 ***, difluorochloro- 307 , and trichloroacetic 20 *- ul 
acids. Only the electrolysis of trifluoroacetic acid gave 


* See also refs. 92, 205, and 206 on the electrolysis of chloro- 
-acetic acid. 


traces of. hexafluoroe thane 207 * 212 . Unsatisfactory results 
were also obtained in attempts at synthesis from a, cr-di- 
chloropropionlc 305 , 0-iodopropionic 20B , 2,2,3 -trichloro- 
butyric 2 ", and d,/-a-bromopropionic acids 214 . Japanese 
investigators 177 were also unsuccessful when they electro- 
lysed tetrabromostearic acid in ethanol. 

In 1953 Kbrsching 31 * succeeded in isolating the normal 
product (1,20-dibromoeicosane, 20% yield) in the electro- 
lysis of 11-bromoundecanoic acid; later 316 he succeeded in 
preparing 1,10-dibromodecane from a> -bromocaproic acid 
in a water-alcohol solution. 

Detailed investigations on the electrolytic condensation 
of (li-halogenocarboxylic acids, carried out in 1956, 1ST 
showed that normal products are obtained when /9-chloro- 
propionic, 6-chlorovaleric, 6-chlorohexanoic and 10-chioro- 
decanoic are electrolysed in absolute methanol (11-16 A/dm 3 , 
2 A, 110 V, 50°), in contrast to the reaction for chloro- 
acetic andy-chlorobutyric acid. 

Halogen Is split off during the electrolysis of lower w- 
-bromocarboxylic acids. Normal condensation reactions 
could only be observed with acids containing 11 or more 
carbon atoms in the chain. All w-iodocarboxylic acids 
(containing 2-11 carbon atoms in the molecule) decompose 
on electrolysis. o>-Fluorocarboxylic acids give consider- 
ably better results. The lower members of this series 
(fluoroacetic, 0-fluoropropionic, and y-fluorobutyric acid) 
do not undergo the Kolbe reaction; the glass electrolyser 
Is attacked - an indication that hydrogen fluoride is evolved 
in the process. However, 6-fiuorovaleric, 6-fluorohexa- 
noic, 7-fluoroheptanoic, 8-fluorooctanoic, 9-fluorononanoic 
10-fluorodecanoic,and 11-fluoroundecanoic acids give satis- 
factory yields of a),u)'-difluoroalkane8. 
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Thus electrolytic condensation proves to be a convenient 
JSSte syntheslslng C 8 and higher dilfuorides and dl- 
cMorides as well as C 20 and higher dlbromides. 

The yields of the products of electrolysis of a-halogeno- 
carboxytic acids are given In Table 9. 

9) Amino-Acids 

Lilienfeld'" found in 1902 that ethylene diamine is 
formed on electrolysis of the copper salt of glycine, but 
later investigators"-" 0 failed to confirm this. 

The Kolbe reaction did not occur and complete destruc- 
tion of the original molecule was observed in the electro- 
ysisof other I- or p-amino-acids (o-alanlne and leucine^, 
aceturlc acld, 0-alanine, iminodiacetic acid, methylaimno- 
£ Uc acid ando-aminoisobutyric acid- Late: ^ t was 
proved » that the corresponding alkoxyalkylamide are 
Formed when o-amino-acids are electrolysed in anhydrous 
alcohol in the presence of an alcoholate: 


R,COMH-CH-CO0H + R,0H 
X 


. RCO NH'CHOR. + COi. 
X 


where X = H or CH,. 

In 1947 Offe m established that aliphatic diamines or 
the r derivatives can be synthesised by the Kolbe reaction 
under the following conditions: (1) the basic properties of 
the amino-group have to be weakened, (2) electrolysis of 
the amlno-acid acid salt has to be carried out In anon- 
-aqueous solvent; (3) the amino-group must not be In toe 
^position to the carboxyl group. Be prepared N,N - J- 
acetyl decamethylene diamine* by electrolysing f-acetyl- 
aminocaproic acid in methanol at a current density of 
5-7 A/dm* at a platinum anode. Normal products were 
also obtained, under analogous conditions, from e-benzoyl- 
aminocaproic, y-phthalimidobutyrlc, c-ethanesulphonyl- 
amlnocaprolc, e-propanesulphonylaminocaproic acid and 
W-(5-methoxycarbonylpentanoyl)-€-amlnocaproic acid. 

Unsatisfactory results were obtained with AT -substituted 
benzenesulphonylamino-acids; e.g. during the electrolysis 
of w-(benzenesulphonyl)-€-aminocaproic acid only benzene 
sulphonamide was separated. This confirmed the earlier 
observations that w-(p-tdluenesulphonyl)-a-aminoisobutyric 
acid and W-(benzenesulphonyl)-W-methyl-a-amlnolsobutyrlc 
acid do not give a Kolbe reaction" 8 . 

Later the Kolbe synthesis was successfully carried out 
in methanol with many N-acyl -derivatives of amino-acids in 
which the amino-group was at a considerable distance from 
the carboxyl group ai . The corresponding derivatives of 
polymethylene diamines were obtained in good yields 
(Table 10). 

Satisfactory results were also obtained in the electro- 
lysis of the half -amide of adipic acid in methanol, at a cur- 
rent density of 5-7 A/dm J at the anode" 3 ." 4 . 

Experiments were also carried out on the electrolytic 
condensation of cyanoacetic acid'*-™. Only minute quan- 
tities of the normal reaction product (ethylene dlcyanide) 
were isolated, most of the products resulting from decom- 
position: hydrocyanic acid, formaldehyde, carbon dioxide, 
etc. 


• The same compound was also obtained on electrolysis of a 
mlxtase of c-aoetylamlnocaprolo and formic acids w methanol"* 


TA BLE 9 . Electrolysis of w -halogencarboxy lie acids 
|X(CH 2 ) M COOH|. 


n 

F 

CI 

B( 



0 

0 

0 

l) 

2 

0 

30 

0 

n 

3 

0 

U 

0 

0 

4 

45 

51.5 

0 

0 

0 

« 

55 

0 

0 

6 

57.5 




7 

M 


"o 


8 

65 

C9 




0 


0 

t\ 

10 

61 


54 

0 

15 



31 



10) Sulpho-Acids 

The electrolysis of sulphoacetic acid should proceed 
according to the equation 

-y HCfcSCH, 
2HOiSCH,COO- — I 

HO^CH J +2CO, 

in a manner analogous to the synthesis of ethane from acetic 
acid. 

However, instead of ethane disulphonic acid the oxida- 
tion products of the initial compound were obtained (sul- 
phuric acid, carbon dioxide, carbon monoxide, ethylene, 
formaldehyde, sulphur dioxide, and small quantities of 
methionic acid) 227 * 228 . 

On electrolysing 0-sulphopropionic acid 2 " only ethylene, 
sulphur dioxide, carbon dioxide, sulphuric, formic, and 
acetic acids were isolated*. 


11) Alicyclic Acids 

In their behaviour in the electrolytic condensation, cyclo- 
alkane acids resemble alkyl -substituted acids. Thus, 
cycloalkyl substituenta in the a -position to the carboxyl 
group, inhibit the principal anodic reaction. An interesting 
example is the electrolysis of cyclopropanecarboxylic acid: 
the allyl ester of the initial acid is formed instead of the 
required bicycloprppyl■ w0 > ,,, . 


TABLE 10. 


Solvtnt 


Product 


CH/^NHfCHtJeCOOH 

CHjCONHCCHACOOH 

^.CHtOCO^pi^COOH 

C,H I OkOCONH(CH a ) i ODOH 

C^COWCHjCHsCOOH 

C«tf t (*,OCONHQnCHJCOOH 


CHaOH 
CH-OH 
CHjOH 
CHiOH 
CH«OH 
CHaOH 


CHjCONrKCHtX.KHCOCHa 

CH|CONH(CH t )i^HCOC«H» 
QH.CH.OCONHCCH^aKHOCOCi^Hi 
C*H k CHrOCONH(CHTV NHOCOCH,CH. 
CH,CONH(CH,)#I^COCHi 
CtH*CHtOCONH(CH,) 4 NHOCOCH CH* 


YUld. 
% 


51 
23 
38 
35 
20 
33 


* Attempts m at the electrolytic condensation of a number of 
aromatic sulphonic acids (benzene -^-disulphonic acid, benzene- 
m-dlflulphoalc acid, phenyl dIsulphide^,4-dlsulphonic acid and 
phenol-2 t 6"disulphonic acid) were also unsuccessful. 
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On electrolysis of the monomethyl ester of cis -cyclopro- 
pane- 1,2 -dicarboxylic-acid 232 ring cleavage occurs and the 
ester of hexa-2,4-diene-l,6-dicarboxylic acid* is formed. 
Negative results were obtained on electrolysis of cyclo- 
butanecarboxylic acid 231 * 234 , cyclohexanecarboxylic acid 231 * 23 ** 
and />-methyicyclohexanecarboxyllc acid 23d . 

Later investigations of the electrolysis of cyclohexane- 
carboxylic acid showed that negligible quantities of the 
anodic -synthesis product, bi(cyclohexyl), are formed when 
the process is carried out in an acidic solution 237 ; 'when a 
methanol-pyridine mixture is used as solvent, the yield of 
bi(cyclohexyl) is 14%. 338 

Satisfactory yields (20%) of 4,4-bis-tetrahydropyranyl 
were obtained by electrolysing an aqueous solution of the 
potassium salt of tetrahydropyran-4-carboxylic acid 238 ; 
at the same time equal quantities of 4-hydroxytetrahydro- 
pyran, and its tetrahydropyran-4 -car boxylic -acid ester 
were isolated. 


CH r , 


\ch,-ch/ 


o,-ch, No 

x CHr-CH»/ 


An aqueous solution of the mo no ethyl ester of cyclohexyl- 
malonic acid gave, on electrolysis, a,a? ! -dicyclohexylsuc- 
cinic acid (a mixture of the two stereoisomers); the yield 
was 17%. 123 Detailed studies of the electrolysis of hexa- 
hydrophthalate showed that a number of by-products were 
formed (see below); the expected anodic -synthesis product 
was not obtained either in aqueous or in methanol solutions 240 

j^-COOCH, CHjOOC-j^, 


a 


COOCH, 
COOH 


/ 

^VCOOCH, 


/Vcooch, 

^J-CO0CH 3 


I 


-OH 


C00CH, 


A-COOCH, 
I I («*, 


-COOHHOOC 


(5%) 


Later 241 it was proved that under the given conditions of 
electrolysis of monomethyl esters of cis- and rrans-hexa- 
hydrophthalic acid in anhydrous methanol, normal conden- 
sation products, i.e. dimethyl trans -anti -trans - and trans- 
-sy/i-^rflns-bi(cyclohexyl)-2,2 f -dicarboxylate are formed, 
but only in small quantities; the principal reaction products 
are monomeric compounds - the methyl esters of cyclohex- 
-1-ene-l-carboxylic, cyclohex-2-ene-l-carboxylic acid, 
and cyclohexanecarboxylic acids. 

It should be pointed out that the isomeric methyl ester of 
rra«$-l,4-cyclohexanedlcarboxylic acid gave appreciable 
quantities (32%) of the Kolbe-synthesis product 242 


">~cooch, + xo* 


Ester groups in the />-posltion obviously aid the electrolytic 
condensation. 

Electrolytic condensation of several alicyclic dicarboxy- 
lic-acid esters was successfully carried out in a mixture of 
methanol and petroleum ether (Pt anode, 4-6 A/dm 2 ). 
Thus, electrolysis of the monomethyl esters of cyclopen- 
tane-l,l-diacetic acid, 2,2,5,5-di(tetramethylene)hexane- 
-1.6-dicarboxylic acid, cyclohexane-l,l-diacetic acid, and 


* In the electrolysis of the monomethyl ester of cyclopropane - 
-dicarboxylic acid in methanol the ester of the unsaturated dibasic 
acid, probably a.a'-dimethyleneadtpic acid, was formed instead of 
the expected diester of dicyclopropanedicarboxylic acid 2M . 


2,2 f 5,5-di(pentamethylene)hexane-l,6-dicarboxyiic acid 181 
gave the dimethyl esters of the corresponding 2,2,5,5 -di(tetra - 
methylene)hexane-l,6-dicarboxylicacid, 2,2,5,5,8,8,11,11- 
-tetra(tetramethylene)-dodecane-l,12-dicarboxylic acid, 
2,2,5,5-di(pentamethylene)hexane-l,6-dlcarboxylic acid 
(38% yield), and 2,2,5,5,8,8,11,1 1 -tetra(pentamethylene)do- 
decane-l,12-dicarboxylic acid (14.5% yield). 

Other investigations dealt with the electrolytic conden- 
sation of half -esters of camphoric acid* 3 " 246 . 


12) Aromatic and Aliphatic -Aromatic Acids 

For a long time it was assumed that salts of aromatic 
acids, unlike those of aliphatic acids, did not enter into the 
Kolbe reaction. 

Experiments on the electrolytic condensation of solutions 
of salts of benzoic acid in water 92 1 280 * 281 , sulphuric acid 352 , 
and absolute methanol 255 , and the electrolysis of fused ben- 
zoic acid 83 * 99 were indeed unsuccessful. The reaction pro- 
ducts were, in general, benzene, free benzoic acid, oxygen, 
etc. The same was true of the electrolytic condensation of 
substituted benzoic acids suchas o-nitrobenzoic 284 , />-nitro- 
benzoic 217 - 295 , /j-toluic 236 , 288 , 267 , opianic 288 , salicylic, 
m -hydroxybenzoic, and />-hydroxybenzoic acids 92 , 3 ,5 -di- 
methyl- and 2,4-dimethylbenzoic acids 259 , and ethyl phtha- 
late 1 * 0 . 

On electrolysing 2,5-dimethyl-4-t-butylbenzoic acid in 
methanol 253 one of the methyl substituents in the aromatic 
nucleus was oxidised and, on subsequent ester if ication, the 
methyl ester of 6-methyl-4-t-butyl-l,2-phthalic acid was 
formed together with 1, 3 -dimethyl -5 -t -butyl benzene. 

Negative results were obtained on electrolysing some 
aromatic acids which contained the carboxyl group in the 
side chain, e.g. aqueous solutions of potassium salts of 
phenylacetic acid 260 , diphenylacetic acid 281 , and also of 
the ethyl ester of benzylmalonic acid 2 * 0 *. 

In the 1930 f s Fichter et al. refuted the conclusion that 
aromatic acids do not undergo the Kolbe reaction. They 
proved that the characteristic electrosynthesis product 
(2,2 t -diindanyl) is formed in the electrolysis of indane-2- 
-carboxylic acid in methanol 283 / 204 , although only in small 
quantities. Other aromatic acids can be electrolysed sue - 
cessfully by using a methanol -pyridine mixture as solvent. 
Thus, benzoic, phenylacetic, /3-phenylpropionic, audphe- 
noxyacetic acids 868 yielded the corresponding diphenyl, 
dibenzyl (50% yield), 1,4-diphenylbutane (37% yield), and 
the diphenyl ester of ethylene glycol (45% yield). Normal 
products (the respective yields being 27, 24, and 8%) were 
obtained on electrolysing o-, m-, and/>-cresoxyacetic 
acids 287 under analogous conditions. 

Under these conditions it was possible to prepare tetra- 
phenylethane by electrolysing diphenylacetic acid M V 88 and 
also 1,4-diphenylbutane (34% yield), 1,6-diphenylhexane 
(37% yield), and 1,8-diphenyloctane (47% yield) from the 
corresponding 0-phenylpropionic, y-phenylbutyric, and o- 
-phenylvaleric acids 270 . 

Dibenzyl was produced in 1962 by electrolysing phenyl- 
acetic acid in anhydrous methanol and also by electrolysis 
of fused phenylacetic acid 288 . At the same time it was 
found that electrolysis of phenylacetic acid in acetic acid 

♦ The diethyl ester of dibeozylsuccinic acid 1 * 2 Is formed when 
the monoethyl ester of benzylmalonic acid is electrolysed in the 
presence of acetic acid. 
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and also of diphenyl- and trlphenylacetlc acids in acetic acid 
or anhydrous methanol caused the acetoxylation or methoxy- 
lation of the benzene nuclei respectively. 

Results on the electrolysis of r-phenylisovaleric, 3,3 ,3- 
triphenylproplonic, and 3,3,3-tri-p-t-butylphenylpropionic 
acid in methanol, using a platinum anode, were published 
recently 271 . Electrolysis of the first acid, in the presence 
of an excess of sodium acetate (15 A/dm a , 60°) gave t-pen- 
tylbenzene (32% ); 2,5-mphenyl-2,5-dimethylhexane and 
homologues of a-methyistyrene were separated as by-pro- 
ducts. Electrolysis of the second acid led to the formation 
of the phenyl ester of 3,3 -diphenyl -3 -methoxypropionic acid, 
and the third acid gave the />-t-butylphenyl ester of 3,3 -di- 
/>-t-butylphenyl-S-methoxypropionic acid. 


13) Dicarboxylic Acids 

Alkali- metal salts of dicarboxylic acids do not undergo 
the Kblbe reaction at the anode. 

Only hydrogen, oxygen, carbon dioxide and 
in some instances glycolic acid 277 could be detected in the 
electrolysis products of oxalic acid. 

The-hlgher dibasic acids (malonicto sebacic) form olefins 
and alcohols which contain two carbon atoms less than the 
original acid, and also saturated and unsaturated acids with 
one carbon atom less. Attempts to Isolate cycloalkanes, 
the formation of which might be expected as 2 molecules of 
carbon dioxide are split off simultaneously from the di- 
basic-acid anion, were unsuccessful. 

Ethylene, hydrogen, oxygen, carbon monoxide, and car- 
bon dioxide are formed in the electrolysis of malonic 
acid 272 * 278 , Schall 270 found that in the electrolysis of the 
alkali-metal salts of malonic acid, hydrogen peroxide is 
formed on cooling, probably through the hydrolysis of the 
intermediate malonic -acid peroxide. 

Electrolysis of succinic acid 272 * 880 leads to the formation 
of ethylene, oxygen, hydrogen, and carbon dioxide*; tar- 
taric and oxalic acid were also isolated as oxidation pro- 
ducts 282 . By electrolysing succinic acid in an alkaline 
solution in the presence of sodium perchlorate, Hof er and 
Moest 10 also prepared j3-hydroxypropionic acid** together 
with acrylic acid, carbon monoxide, carbon dioxide, ace- 
tylene, acetaldehyde, methanol, andacetic and formic acids. 

When an aqueous solution of the potassium salt of glutaric 
acid was electrolysed with the object of obtaining cyclopro- 
pane 284 , the products were found instead to be propylene, 
carbon dioxide and oxygen. The formation of propylene is 
due to the migration of the hydrogen atom: 

CH£CO- fCH^OOl CHi CH 8 

| | -ICO, j i 
CHj CH, CH, -CH 

cWoO* Ij^iCOOJ CH, CH,. ' 

In the electrolysis of the salt of 0, 0-dimethylglutaric 
acid, where no hydrogen transfer can take place, the whole 
hydrocarbon group is shifted and the unsymmetrical methyl- 
ethylethylene is formed m 


CHjCOO- 

C(CH,h 

CH£CO- 


rCH^COO 
C(CH^ 
_CH^OOj 


CH, 

-!CO, I 

— C(CH& 
CHi 


CH,.CH, 

— » C-CH, 
I 

CH, . 


The cyclic product - dimethylcyclopropane - was notformed. 

A number of higher dicarboxylic acids, such as adipic 3 *, 
pimelic 286 " 289 , suberic 289 ^ 60 , and sebacic 872 acids, have 
been electrolysed but in no case could the formation of 
cycloalkanes be detected. 

14) Substituted Dibasic Acids 

On electrolysis, methylmalonic acid yields ethylene, 
hydrogen, oxygen, and carbon monoxide and dioxide Ba » 272 ; 
propylene, propanol, isopropyl alcohol, and other oxidation 
products m are formed from ethylmalonic acid and pyro- 
tartaric acicL 

Salts of malic, tartaric, and pyrotartaric acids 881 have 
also been electrolysed; malic acid gave malonic acid, which 
was then readily oxidised to oxalic and formic acids and 
carbon dioxide. Formic acid was formed from the other two 
acids* Oxalic acid and carbon dioxide were obtained in the 
electrolysis of mesoxalic acid. 

The preparation of benzene (70% yield) from trans -l t l- 
dihydrophthalic acid 282 , 

and propadiene 288 by opening the ring of 1,2-cyclopropane- 
dicarboxylic acid on electrolysis of its salts, are isolated 
Instances of the formation of unsaturated hydrocarbons in 
the electrolysis of substituted dibasic acids. 

In 1957 2QS cissyn-cis-, trans -anti-trans-, and trans - 
-syn -frans -perhydrodiphenic acids were electrolysed in 
anhydrous methanol. The principal reaction product (ap- 
prox.45%) was in all cases the corresponding isomeric 
y-lactone; Its structure was determined by synthesis: 


c?-<P 

CO 0 


15) Unsaturated Dibasic Acids 

In the electrolysis of salts of fumaric^andraaleic 180 ' 380 * 
acids carbon dioxide and acetylene are formed at the anode, 
the maleic acid being partly converted to fumaric acid. 

Acetylene, acrolein, carbon monoxide, and carbon dioxide 
are obtained when glutaconic acid is electrolysed 285 . 

Mesaconic acid 886 forms propyne, ana acrylic and ita- 
conic acids, whilst its isomers, itaconic 887 ' 888 and citra- 
conic 886 acids, yield propyne, and acrylic and mesaconic 
acids. • The type of salt of the citraconic acid used in the 
electrolytic condensation determines the yield of propyne; 
thus the highest yield (52%) of propyne was obtained by 
electrolysing the rubidium salt of citraconic acid and the 
lowest yield (16%) when the lithium salt was used 800 . 

Fumaric acid and acetylene 301 » 808 have been prepared 
from acetylenedicarboxylic acid. 


* See Flchter and Fritecb's publications 111 on the decomposition 
of auccinio-acid peroxide to carbon dioxide and ethylene. 

** 0 -hydroxyproploolc acid and the acrylic acid formed from it 
were also obtained by the thermal decomposition of monopersuoolnlc 
aoid " 3 . 


* Malic aoid is formed In the electrolysis of hydroxymalelc 
acid 214 . 
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"fcBOSSED" ELECTROLYTIC CONDENSATION 

In this reaction acids or half -esters of dicarboxylic acids 
with different radicals are caused to react. Such reactions 
do not take place very readily and are seldom carried out. 
The main difficulty lies in the fact that the condensation 
process can proceed equally readily in three principal ways: 

RCOO" \ -*r 

. R-D + 2CO, , 

R.COO- J 

1RCOO- — - N-R + 20) ; , 
2R t COO-~ + XXh • 

As in the simple Kolbe synthesis a series of side reac- 
tions accompany the electrolysis; this explains the com- 
paratively small yield of the main reaction product (R-Rj). 

The reaction was first carried out by Wurtz in 1855 V, 
who succeeded in preparing a small quantity of heptane and 
decane by electrolysing a mixture of oenanthic and acetic 
acids and a mixture of oenanthic and valeric acids respec- 
tively* . It was later used by other investigators for syn- 
thesising a number of compounds. Mixtures of acids and 
half-esters of dicarboxylic acids with straight and branched 
chains were used and also carboxylic acids containing 
various substituents (keto- and amino -groups, halogens, 
etc.) and double and triple bonds in the chain. 

Most publications on the "crossed" electrolytic conden- 
sation recommend that methanol solutions of potassium or 
sodium salts of the acids be used as electrolytes Elec- 
trolysis of a mixture of the methyl ester of adipic acid 
with acetic acid or hexanoic acid in anhydrous methanol 
(11-16 A/dm 2 , 1-2 A, 110 V, 50°) yielded the correspond- 
ing methyl esters of hexanoic acid (42% yield)*** and deca- 
noic acid (61% yield) i3T . 

The methyl ester of arachidic acid (41.5% yield) was ob- 
tained from* the monomethyl ester of adipic and palmitic 
acids in boiling methanol (7 A/dm 3 , 5.6 A, 12-38 V)«V» 
Under analogous conditions the methyl ester of adipic and 
stearic acids yielded the methyl ester of behenic acid (38% 
yield); electrolysis in methanol (4-12 A/dm 2 , 40°-60°) of 
the methyl ester of adipic acid with butyric, capric, or 
lauric acids yielded the corresponding caprylic (30.6% yield), 
myristic (7% yield), and palmitic acids (23.4% yield) 304 *♦**. 

The use of benzyl esters as starting materials in place 
of the ethyl and methyl esters in syntheses of this kind makes 
it possible to avoid esterification with, the methanol used as 
solvent, which very often accompanies "crossed 8 syntheses. 
Thus, palmitic (30% yield) and arachidic (25% yield) acids 
respectively 124 can be produced by condensing the benzyl 
ester of succinic and myristic or stearic acids in methanol 
(6-7 A/dm 2 , 1-1.3 A, t < 50°) and hydrolysing the products. 

According to other data" 8 the use of monobenzyl esters 
as one component during the "crossed" electrolytic conden- 


* Schorlemmer 383 repeated Wurtz' experiment In 1865 and 
obtained similar results. 

** Unless otherwise stated "crossed syntheses" discussed 
below refer to the electrolysis of sodium and potassium salts of 
carboxylic acids, carried out in the presence of free acids. 

**♦ Hexanoic aoid (40.8% yield) was also obtained in the electro- 
lysis of the monoethyl ester of adipic sold and acetic acid 104 in 
ethanol (10 A/dm 1 , 0.8 A, 40*-60*). 

**** See also publications by Japanese authors 388 on the electro- 
lysis of dibasic-acid esters with fatty acids. 


sation of a mixture of half-esters of dicarboxylic acids, 
facilitates the isolation of the product. Thus the methyl 
ester of pimelic acid (24% yield) was obtained by electro- 
lysing the benzyl ester of giutaric acid and the methyl ester 
of succinic acid in a methanol-pyridine mixture (Pt elec- 
trode, 0.2 A, 34 V, 35°) and subsequent hydrogenolysis of 
the reaction products. It has been shown 304 that addition of 
tetrahydrofuran is advisable in this synthesis. Electro- 
lysis of the ethyl ester of adipic acid with myristic, penta- 
decanoic, and stearic acids in methanol in the presence of 
tetrahydrofuran (2.5-12.5 A/dm 2 , 0.2-1 A, 40°-60°) gave 
the corresponding stearic (12.7% yield), nonadecanoic 
(6.7% yield), and behenic acids (4.7% yield). 

The same rule as in simple Kolbe reactions applies here 
for substituted and unsaturated acids: the starting com- 
pound must not contain a branched chain, a functional group, 
or an unsaturated bond in the a -position to the carboxyl 
group. It should be pointed out, however, that Japanese 
chemists 307 succeeded in preparing 10-methyloctadecanoic 
acid by electrolysing a mixture of the ethyl ester of sebacic 
and methyloctalacetic acids (reaction conditions and yields 
are not given). 

3-methylundecanoic acid (46% yield) was obtained in the 
electrolysis of monomethyl 0-methylgIutarate and octanoic 
acid in anhydrous methanol (10 A/dm 2 , 2 A) 808 . The same 
authors synthesised the methyl ester of 10-methyloctadeca- 
noic acid (38% yield) from the monomethyl ester of azelaic 
acidandS-methylundecanoic acid (6.4-8.8 A/dm 2 , 1 .1-0.8 A); 
similarly, electrolysis of the monomethyl ester of y -me - 
thyladipic acid with caproic acid gave 3-methyldecanoic acid 
(65% yield) 163 ; electrolytic condensation of a mixture of 
ethyl 0,0-methylethylglutarate and capric or lauric acids 300 
yielded the corresponding /9,/3-methylethyltridecanoic and 
0,/3-methylethyipentadeeanoic acids. 

Electrolysis in methanol at 10-20 A/dm B of monomethyl 
glutarate and 3-methylheptanoic acid, monomethyl succinate 
and 4-methyloctanoic acid, and the monomethyl ester of 
azelaic acid and 3,9-dimethyltridecanoic acid 310 yielded in 
the first two instances 6-methyldecanoic acid (35 and 32% 
yields), and in the last, 10,16-dimethyleicosanoic acid 
(54% yield). The same paper gives results on the "crossed" 
condensation when both initial acids contain branched car- 
bon chains. Thus, 3,9-dimethyltridecanoic acid (51% yield) 
is formed in the electrolysis of monomethyl /3-methylgluta- 
rate and 6-methyldecanoic acid. In an analogous manner 
3,13,19-trimethyltrieicosanoic acid (18.5% yield) was pre- 
pared from monomethyl 0-methylglutarate and 10,16-dime- 
thyleicosanoic acid. 

The electrolytic condensation of optically active sub- 
stances has been very thoroughly investigated to find satis- 
factory methods for the synthesis of stereoisomers of com- 
pounds with branched chains of known structure. In this 
way it was possible toprepareD(+)-3-methylundecanoic 
acid (yield 35% P 1 "*" by electrolysing an equimolar mix- 
ture of monomethyl L(+)-0-methylglutar ate and caprylic 
acid in boiling methanol (Pt electrodes, 5 A, pH < 8> m > 313 . 

By ananalogous method L(-)-3-methylundecanoic acid (35.5% 
yield) was synthesised from monomethyl D(-)-0-methylglu- 
tarate and caprylic acid. Electrolysis of a mixture of the 
monomethyl ester of sebacic acid and D(+) -3-methylundeca- 
noic or L(-)-3-methyiundecanoic acid led to the formation 
of the corresponding D(+)-ll-methylnonadecanoic acid (24% 
yield) and L(-)-ll-methylnonadecanoic acid (22.5% yield). 
Condensation of palmitic acid with the monomethyl esters of 
D(+)- and L(-)-^-methylsuccinic acid gave the correspond- 
ing D(-)- and L(+)-2-methyloctadecanoic acids 3 ". 
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Higher yields can be obtained by using, in similar syn- 

noi vmoi« A/dm a ) the corresponding D(+)- and 

ponent 2:1, 2 A, iu A/am «~ obtained 

L(-)-3-methylundecanolc acids (48% yield were orainea. 
Under dm Ur conditions, the monomethyl ester of aze- 

SrtUrt DW- and ^W^'^SSS To methyl- 
Yielded the D(-)-lO-methyloctadecanoic and LW-lO-metliyi 

octadecanoic acids (30-31% yield) 3 ". 

Unsaturated acids, mixed with dlcarbosylic-acid esters, 
alBOundergo "crossed" electrolytic condensation. Thus 
iSEElto acid was obtained by the electro ysis of a 
mixture of undecenoic acid and monomethyl adipate in an- 
UySl methanol (0.83 A/**. 80-100 V); after purifica- 
tion(vlathe methyl ester) theyleldwas approximately 15% . 
hi later investigations it was possible to increase the yield 
to 30% 171 A number of other unsaturated acids have also 
been symhesised by this reaction: 3,3-dlmethyltetradec-13- 
-enoic acid"' by the electrolysis, in ethanol, « 
acid and theethylesterof (l^eWtto^llOA/to , 
100 V); docos-21-enoic acid from the ethyl ester of tetra- 
decane-l.H-dicarboxylic acid and oct-l-enoic acld»». 

When double bonds are present In the a -position to the 
carboxyl group unsatisfactory results are obtained; elec- 
trolysis of a mixture of acetic acid and monoethyl fumar- 
ate or monomethyl muconate in absolute methanol did not 
lead to the formation of the expected unsymmetrical pro- 
ducts: 

l ; H ,f.H=f.HC00C ! H.««lCH J CH-CH-CH=CHC00CH,»'. 

Bounds et al. showed that the geometrical configuration 
at the double bonds was maintained in the simple ftolte re- 
action Thev «»."».«» proved that the configuration at the 
dSto bonds was also preserved during the "crossed" con- 
densation. 

In the electrolysis of oleic and elaidic acids with an 
excess of adipic acid monomethyl ester, in anhydrous me- 
thanol (Pt electrodes, 10 A/dm-, 1.7 A, 50°) the "crossed* 
products were obtained in both cases; their hydrolysis gave 
the corresponding erucic and brassidic acids (approximate 
yield 30%) m . Similarly, electrolysis of the monomethyl 
ester of suberic acid with oleic or elaidic acids 126 gave, 
after hydrolysis, cis- and taws-tetracos-15-enoic acids 
respectively (respective yields 37% and 32%). The unsym- 
metric product cis -octadec-ll-enoic acid (12% yield), was 
obtained in the electrolysis of a mixture of ris-hexadec-9- 
-enoic and monomethyl succinate 819 . 

Studies by American chemists 320 on the preparation of 
esters of unsaturated <*,w-dicarboxylic acids by electro- 
lysing a mixture of dicarboxylic-acid esters andconjugated 
dienes, are of great interest They prepared the diethyl 
ester of oeca-3,7-mene-l,10-dicarboxylic acid by theelec- 
trolysis, in methanol, of monoethyl malonate and butadiene 
(Pt electrodes, 1.1 A, -5°). The diethyl ester of dodeca- 
-4,8-diene-l,12-dicarboxylic acid, the diethyl ester of hexa- 
deca-8,10-diene-l,16-dicarboxylic acid, and other com- 
pounds were prepared by similar methods. 

Satisfactory results have been obtained in the electro- 
lytic condensation (in methanol) of acids of the acetylenic 
series 321 . Stearolic acid (octadec-9-ynoic acid) (8% yield) 
was obtained from pentadec-6-ynoic acid and monomethyl 
glutarate (6~7),A/dm 2 ). The same acid was obtained in 
the electrolytic condensation of tetradec-5-ynoic acid and 
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IaIHb! »*et«ti 


Utttlfllc acid 


Malar 
rotla 

in 

Craned product 

<P«Ctt« 

I) 

1 : 1 

nwtnyl horyt k«ton« 

35 

1 : 3 

methyl propyl ketone 

20 

1 : f. 

rrwthyl pcntyl kttono 

62 

i : 1 

n*lhy|n*butyl kctono 

20 

i : 1 

CH^CH-JqCHCCH,), 


1 : 2 

cnarhyl n-bt ptyl kotonv 

42 

t : \ 

tTMthft n-nonyl ketone 

St 

2 : 1 

mathyl rw*icUcyl k«ron» 

U 

'2 : i 

CH.CCKCH^jCH, 

an 

2 : 1 

CHiOCHCHii^CDOCH, 

25-30 

2 : 1 

CH a CO(CH,)dCOOCH, 

20 

h : 1 

CH»CO<a4,)«COOCH, 

S8 

2 : i 

1 CH/XKCH,) M COOCH J 

12 


aUCHjJaCOOH 

CHiCOOH 

CH^CHthCOOH 

CHjCHtCCX)H 

(CH»HCHCH=COOH 

CH^CHjJaCOOH 

CHrfCHJaCCOH 

CH^CHOgCOOH 

CH^CH,),A)OH 

CHsOOQCK^COOH 

CHgOOC(CH»)iCOOH 

CH,OOaCH,) 4 COOH 

CH^OOqCHtJiCOOH 


monomethyl adipate at 15-16 A/dm 2 (24% yield). Electro- 
lysis of a mixture of monomethyl adipate and stearolic acid 
(8-10 A/dm 2 ), pentanoic acid and the methyl ester of dodec- 
-6-ynoic acid (6.8-8 A/dm 2 ), and hexanoic acid and the 
methyl ester of dec-5-ynoic acid led to the formation of the 
corresponding docos-13-ynoic (behenolic) acid (26% yield), 
pentadec-6-ynoic acid (29% yield), and tetradec-5-ynoic 
acid (27% yield). Octadec-6-ynoic acid (23% yield) was pre- 
pared from the monomethyl ester of dec-5-yne-l,10-dlcar- 
boxylic acid and caprylic acid 173 . 

flalogeno-substituted acids were also subjected to this 
type of electrolytic condensation. Electrolysis of 10-flu- 
orodecanoic and 5-chloropeutanoic acid (Pt anode, 16 A/dm 3 , 
50°) in methanol gave 13 -fiuorotridecyi chloride (24,4% 
yield) 137 . Under the same conditions 10-fluorodecanoic 
acid and the monomethyl ester of sebacic acid gave the 
methyl ester of 18-fluorostearic acid (4.8% yield). 

The reactions of chloroacetic acid are of great interest; 
in the simple Kolbe reaction oniy oxidation products are ob- 
tained 204 - 206 , but on electrolysis in a mixture with other 
acids its behaviour is similar to that of unsubstituted acetic 
acid. Cetyi chloride was obtained when chloroacetic and 
palmitic acids were electrolysed in a water -alcohol medium 
at 70° -75° , 3M Unsatisfactory results were obtained when 
trichloroacetic acid was used instead of chloroacetic acid. 

Hunsdiecker 323 did much work on the electrolytic conden- 
sation of keto-acids with fatty acids. He prepared dodeca- 
-2,5-dione (30-45% yield) by the electrolysis of a mixture 
of 4,7-diketooctanoic and caproic acids In anhydrous methanol 
(3-5 A, 50-90 V). 4,7-Diketooctanoic acid Was also re- 
acted, under analogous conditions, with propionic, butyric, 
valeric, isovaleric, caprylic, and lauric acids, and also 
with monomethyl succinate and adipate. Unsymmetrical 
products were obtained in each case (no yields are quoted). 
He prepared dodeca-3,6-dione by electrolysing a mixture 
of 4,7-diketononanoic and valeric acids. Japanese investi- 
gators 202 '^S 328 obtained very satisfactory results in the 
electrolytic condensation, in methanol, of keto-acids with 
saturated acids and half-esters of die ar boxy lie acids 
(40 A/dmt, 30°-35°) (Table 11). 

Good results have been obtained with keto-acids and sub- 
stituted aliphatic acids. Thus, 4,7-diketooctanolc acid was 
condensed with 5-methoxyvaleric and 0-isopentyloxybutyric 
acid 328 ; the yield of 9-isopentyloxydeca-2,S-dione was 30%. 
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The number of possible "crossed" electrolytic -conden- 
sation reactions of acids with various substituents is very 
large* The methyl ester oi 14 -methoxy-3 -methyl tetrade- 
canoic acid (34.4% yield) has, for instance, been prepared 
by the electrolysis, in methanol, of monomethyl 0-methyl- 
glutarate and 11-methoxyundecanoic acid (Ni anode, Pt 
cathode, 5-7 A, 80-100 V)™.. 

Hexadeca-2,15-dione (31% yield) 327 was synthesised by 
electrolysis, in anhydrous methanol, of acetylvaleric and 
acetylpelargonic acids (12.5 A/dm 3 , 5 A, 50 V, 40°-50°). 

The methyl ester of 10-acetamidodecanoic acid was ob- 
tained by electrolysing 6-acetamidohexanoic acid and mono- 
methyl adipate 333 ' 328 . 

No "crossed" products were obtained in the electrolysis 
of monomethyl adipate with acetylglycine and cyanoacetic 
acid (both substituted in the a -position to the carboxyl 
group)^ However, contrary to the general rule, Japanese 
investigators obtained satisfactory results in the simultane- 
ous electrolytic condensation of methyldodecylcyanoacetic 
acid and lauric acid, ethyldodecylcyanoacetic acid and un- 
decanoic acid 829 , ethyldodecylcyanoacetic and capric acid, 
and also in the electrolysis of a mixture of the methyl ester 
of diisopentylmalonic acid and isocaproic acid 330 . (No re-* 
action conditions or yields are given in these papers). 

Hydrolysis of the products obtained in the electrolysis of 
monomethyl adipate with threo- and ery thro -9,10 -dihydroxy - 
stearic acid 171 in anhydrous methanol, using Pt electrodes, 
yielded threo- and crvttro-13,14-dihydroxybehenic acid 
(24% and 33% yields, respectively). Threo-1 1,1 2 -dihydroxy 
arachidic acid was prepared by an analogous method 134 from 
monobenzyl succinate and tfreo-9,10-dihydroxystearic acid 
(13% yield). 

Mixtures of aliphatic -aromatic and mixtures of aliphatic - 
-aromatic and aliphatic acids have also been subjected to 
"crossed" electrolytic condensation. In one of the early 
investigations™ the diethyl ester of a-methylhydrociniiamic 
acid was found in the electrolysis products of a mixture of 
acetic acid and monoethyl benzylmalonate. t-Pentylbenzene 
(32% yield) was obtained by electrolysing 3-phenylisopenta- 
noic acid in methanol, in thepresence of an excess of sodium 
acetate (Pt anode, 15 A/dm 2 , 60°) 271 . Electrolysis of pal- 
mitic with phenylacetic and fi-phenylpropionic acids led to 
the formation of the corresponding hexadecyl- and heptade- 
cylbenzene 178 . Electrolytic condensation of a mixture of 
r -phenyl butyric acid with 0-phenylpropionic or d-phenyl- 
valeric acids (Pt anode, 30°-40°) in a methanol-pyridine 
mixture (2 : 1)* gives, in the first case, small quantities 
of 1,5-diphenylpentane, and in the second 36% of 1,7-di- 
phenylheptane 27 °. 

"Crossed" condensation as well as the simple Kolbe con- 
densation can be carried out in alcoholic, water -alcohol, 
or aqueous media. Under these conditions (especially in 
the last case) side reactions occurring concurrently with 
the electrolytic condensation, decrease appreciably the 
yield of the desired product. 

Japanese chemists investigated the electrolytic-conden- 
sation reaction in water-alcohol solutions. They electro- 
lysed palmitic and acetic, propionic and butyric, and stea- 
ric and acetic acids 322 in dilute alcohol at 70°-75°, using a 
Pt anode, and obtained the expected products (no yields are 


given). Electrolysis of the methyl ester of 2,12-dimethyl- 
tridecane-l,13-dicarboxylic acid with 6-methyldecanoic acid 
(Pt anode, 8 A/dm 2 , pH 6.8-7, 30°) in 50% ethanol gave 
3,13,19-trimethyltrieicosanoic acid (11% yield) 33i , 833 Under 
the same conditions the monoethyl ester of sebacic acid and 
3,7-dimethyloctanoic acid 333 gave the ethyl ester of 11,15- 
-dimethylhexadecanoic acid. Stearic acid (21% yield)' 1 * 1 
was isolated from the electrolysis products of the monome- 
thyl ester of sebacic acid and decanoic acid when the pro- 
cess was effected in a 35% aqueous -methanol solution at a 
molar ration 1 : 3 of the initial components. 

Electrolytic condensation of monoethyl adipate with some 
fatty acids in a water-alcohol solution 304 gave good results 
(Table 12). 

Greaves etal. 138 compared results obtained in the "crossed" 
electrolytic condensation in alcohol and water -alcohol solu- 
tions. Hexanoic acid (40% yield) was obtained by condensing 
monomethyl adipate with acetic acid in anhydrous methanol 
(1.5-2 A, 40°-50°) whilst in a water -alcohol solution (3 A, 
30°) the yield was only 29% (the molar ratio of the ester 
to acetic acid was in both cases 1 : 6). Decanoic acid was 
prepared by the electrolysis of a mixture of monomethyl 
adipate and hexanoic acid (1 :1); in anhydrous methanol the 
yield was 36%, in a water-alcohol medium 12%. The same 
acid was synthesised in 50% yield by electrolysis of the 
monomethyl ester of sebacic acid in aqueous methanol in the 
presence of a large excess of acetic acid (molar ratio of the 
starting materials 1:15). 

The "crossed" synthesis in aqueous solutions has been 
investigated even less than in water-alcohol solutions; 
there are practically no published data. 

In 1895 334 the electrolytic condensation of monoethyl suc- 
cinate with propionic, butyric, and isobutyric acids and of 
monoethyl malonate with acetic acid was carried out in an 
aqueous medium. The expected "crossed" products were 
obtained in each case. 

Acetone 150 was prepared in 1900 by the electrolysis of 
an aqueous solution of potassium pyruvate and acetate in an 
electrolyser with a diaphragm (1.5-2 A, 17-18 V). The 
same author electrolysed in an aqueous medium (2.5 A and 
up to 20 V) mixtures of pyruvic and butyric acids, andalsoof 
levulinic and acetic or pyruvic acids, and obtained in the first 
two cases methyl propyl ketone, and in the last acetonyl- 
acetone. 

The electrolysis of an aqueous solution of a mixture of 
the potassium salts of the monoethyl esters of malonlc and 
suberic acids (1.7 A, 7.5 V, 15°) was carried out in 1922 l34 . 
After saponification of the electrolysis products, succinic 
and dodecane-l,2-dicarboxylic acids were obtained, as well 


TABLE 12. 


* Pyridine la added to inhibit the formation of polymers which 
coat the anode during electrolysis. 
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as the "crossed- product - azelaic acid. The yie ds are 
not quoted, probably because they were small. Only Miller 
and Hofer™ were able to record good results In similar 
electrolytic-condensation reactions. For example, using 
small quantities of reactants, they prepared ethyl butyrate 
(69 5% yield) by the electrolysis of the potassium salt of 
acetic acid and the ethyl ester of succinic acid. 

Sarookhvalov et al. 3 * stated in 1952 that 3-5% yields of 
the "crossed" product can be obtained by electrolysis of 11- 
-methoxyundecanoic acid and of monoethyl j9-methylgluta- 
rate. 

Recent Investigations 330 » 337 have shown that under certain 
conditions "crossed" electrolytic condensation can be suc- 
cessfully carried out in an aqueous medium. The electro- 
lytic condensation of monoethyl adipate and 11-acetoxyun- 
decanoic acid in an aqueous solution (24 A/dm 2 , 40 -65 ) 
can, after hydrolysis, give a 25-27% yield (based on 11- 
-acetoxyundecanoic acid) of 15-hydroxypentadecanoic acid. 
Electrolysis of 11-hydroxyundecanoic acid and monoethyl 
adipate (molar ratio 1 :3) gives a 7% yield of 15-hydroxy- 
pentadecanoic acid 338 . 

MECHANISM OF THE KOLBE REACTION 

The mechanism of the Kolbe reaction is not entirely 
clear despite the large number of publications on the elec- 
trolytic condensation of carboxylic acids. The principal 
product and by-products have been investigated fairly 
thoroughly and in a large number of cases; several ver- 
sions of the mechanism of transformation of the organic 
acids have been put forward. The nature of the anodic pro- 
cess, however -its kinetics, the role of the electrode surface 
in the condensation reaction, and the effect of the magnitude of 
the anode potential on the course of the reaction - have hitherto 
not been elucidated. In this respect, the electrolytic -conden- 
sation reaction does not appear to be an exception amongst 
other anodic processes including such apparently simple 
ones as, for example, the anodic evolution of oxygen from 
aqueous solutions. 

Theories of the mechanism of electrolytic condensation 
developed in parallel with the extension of our knowledge of 
anodic processes and, in particular, of the evolution of 
oxygen. 

In Kolbe's time it was assumed that only oxygen could be 
evolved at the anode during electrolysis of aqueous solutions; 
Kolbe, therefore, endeavoured to show that the electrolytic 
condensation was due to the oxidation of acids by oxygen, 
formed at the anode during the decomposition of water. The 
mechanism proposed by Kolbe was supported by several 
other investigators 43 ' 338 . These hypotheses, as well as 
Bourgoin's 339 * 340 statement that anhydrides of the original 
acids are formed as intermediates in the Kolbe reaction, 
are only of historic interest. 

In 1896 Schall 341 suggested that carboxylic acids are 
oxidised by the active oxygen liberated at the anode, and 
that diacyl peroxides are formed; decomposition of the 
latter would give the product of the Kolbe synthesis: 

2RC00H + 0 - (RCOO), + H,0 (RCOO), - R-R + 2CO,. 

Schall's hypothesis constituted the basis of Flchter , s 3S » 34a " ,M * 
peroxide theory of electrolytic condensation which found many 
supporters 

According to Brown and Walker's theory 6 the discharge 
of the carboxylic -acid anions and formation of uncharged 
radicals constitutes the primary process. The radicals 


can be condensed with simultaneous splitting off of carbon 
dioxide : 

2 RCOO- — 2 f RCOO), 2IRCOOJ- R-R 4 2C0, . 

This was later developed as the free -radical theory 

103,104,106-110,348^ 

Glasstone and Hickling ! s views, published in the 
1930*8 8i37i»jb i »350-333 j postulated that hydrogen peroxide, 
formed by discharge of OH" ions at the anode, is the basic 
intermediate product; this idea was closely associated with 
the mechanism of electrolytic condensation. The authors 
also used the results of their detailed investigations on the 
electrolytic condensation of acetic acid and malonic-acid 
half -ester 6 ' 37 ' 48 in support of their theory, which is not, 
however, accepted by the majority of electrochemists at the 
present time. 

The basic assumptions of the three theories of the elec- 
trolytic-condensation reaction are briefly discussed below. 


The Peroxide Theory 

This theory, proposed by Fichter in 1934 344 , starts from 
the following scheme of electrolytic condensation: 

2KCOO- — 2 1 RCOO | - RCO— 0-O-OCR - 2[R| + 2CO, j 2|R] - R-R 

Unlike Schall, Fichter assumes that electrolytic conden- 
sation commences with the discharge of the carboxyllc-acid 
anion, that diacyl peroxide Is formed due to a further dis- 
charge of anions, and that the main product of the Kolbe 
synthesis is formed by the decomposition of the diacyl 
peroxide. 

The formation of by-products is explained by the hydro- 
lysis of the intermediate diacyl peroxide and the formation 
of the peracid which is converted to the alcohol by decar- 
boxylation; 

RCOO-OOCR + HgO - RCOOH + RQOOOH ; RCOOOH -> C0 2 + ROH. 

In an alkaline medium and at low concentration of the 
initial anions, this decomposition of the peroxide is the prin- 
cipal reaction and alcohol is the principal product (Hofer- 
-Moest reaction). 

The alcohols can then be dehydrated to olefins (with the 
same number of carbon atoms), or react with the free acid, or 
the discharged anion, to form esters. Electrolytic conden- 
sation of saturated fatty acids can be represented as follows 
(according to the peroxide theory): 


I 


I 


WW i coo 

\ 


CH^.COOOH oad CJWi C00H 

j"^ | C,H, W «,COOC«H^ 

3— gC]' 


C„*W,OH 


This scheme does not take into account the formation of 
saturated hydrocarbons C n Hj n ^, which are usually obtained 
in significant quantities. 

Many attempts have been made to prove the formation of 
the diacyl peroxide at the anode. Positive results were ob- 
tained only when electrolysis was carried out under special 
conditions, and the yields of peroxides were very small. 
Fichter et al. 120 > 3M succeeded in detecting diacyl peroxides 
and peracids during the electrolysis of caproate and the 
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half-ester of adipic acid, on strongly cooling the anode sur- 
face. Hallle*", who carried out electrolysis experiments 
at low temperatures, using a circulating electrolyte, proved 
that small quantities of diacyl peroxides are formed during 
the electrolysis of acetates and caproates. 

Many papers mention that the composition of the products 
of electrolytic condensation and of the chemical decomposi- 
tion of diacyl peroxides is similar, which is regarded as a 
proof of the peroxide theory by its supporters. Diacetyi 
peroxide, for instance, decomposes on heating to form 
ethane, methane, and carbon dioxide 366 " 387 . 

A mixture of ethane and methane is formed when ultra- 
violet light acts on diacyl peroxides*?. During the electro- 
lysis of acetates, on the other hand, especially at low 
anodic current density, the formation of a mixture of ethane, 
methane, and carbon dioxide can also be observed «,*»,ai>,3B». 

Fichter suggests that the peroxide theory is also con- 
firmed by the formation of glycolaldehyde during the elec- 
trolysis of acetate 33 and monoethyl malonate 7 in an ethyl- 
ene-glycol solution. He regards the occurrence of the 
glycolaldehyde in both cases, as being due to the oxidation 
of ethylene glycol by the intermediate peroxides. 


The Free-Radical Theory 

This theory is the one most thoroughly developed at the 
present time and has many supporters. 

During investigations on side reactions in the electro- 
lytic condensation Holemann and Clusius parried out 
experiments on the electrolysis of deuterated acids dis- 
solved in ordinary and in heavy water. They confirmed 
that a high current density is required in the electrolysis of 
acetates to produce ethane, and that a low current density 
(1 A/dm 2 anddess) leads to the formation of methane. The 
deuterium content in the reaction products was proved to be 
determined solely by the composition of the acetate ion, not 
by the deuterium content of the water. 

These results led the authors to the conclusion that the 
Kolbe reaction takes place via the formation of intermediate 
alkyl radicals - thus, in the electrolysis of acetates 


CHaCOO- -CH.COO , 

•CHjCOO -* -CH3 + C0, . 


Dlmerisation takes place readily at high current density 
because the concentration of the methyl radicals at the 
anode is high; at low current density the methyl radicals 
can react with the acetate ions or with the molecules of the 
organic solvent (e.g. with alcohol if this is added to the 
electrolyte) and form methane- 


'CH a -KCH,- CH, , 
CH S + CHjCOO- - CH, + -CH^OO- 
CH, + dUOH - CH, + CjH^OH . 


By following the isotope composition of the products in 
the electrolysis of deuteropropionic u ' 109 and deuterobuty- 
ric 110 acids, the authors concluded that unsaturated hydro- 
carbons (with half the number of carbon atoms of the main 
Kolbe-reaction products) are formed from the alkyl radi- 
cals, by the splitting off of the hydrogen atom originally in 


the /J-posltion to the carboxyi group, 
of the molecule itself do not migrate. 


The hydrogen atoms 


CH^CH^CH, « 


• CH|— CHmCH t . 


The formation of propane as well as propylene in the 
electrolysis of butyric acid is explained by the dispropor- 
tionatlon of hydrogen in the alkyl radicals: 

aCHj-CH.-CHa - CH,~CH,-CH, + CH^-CH=CH t . 

On electrolysis of an acid solution of a,a-dideuteropro- 
plonlc acid (CH,CD 3 COOH), Kruis and Schanzer* obtained, 
among other products, a mixture of alcohols, containing 35% 
CHgCDaOH and 65% CDjHCHjOH, thus confirming that the 
oxidation of alkyl radicals to alcohols proceeds mainly at 
the ^-position. 

Goldschmidt and Stockl 108 demonstrated the presence of 
free radicals during the electrolysis of fatty-acid salts by 
an indirect method, using the capacity of these radicals to 
initiate polymerisation of unsaturated compounds a*** 
(styrene, acrylonitrile). The formation of alkylpyridines 
when pyridine is present in the electrolyte is also regarded 
as an indirect proof of the presence of radicals 

Goldschmidt et al. made a detailed study of the composi- 
tion of the electrolysis products of propionates in anhydrous 
propionic acid and compared them with the decomposition 
products of dipropionyl peroxide lfl . Later investigations 
dealt with the decomposition of symmetrical and unsymme- 
trlcal peroxides of dicarboxyiic acids 363 . Goldschmidt 
stated that both the electrolysis of carboxylic acids and the 
decomposition of diacyl peroxides proceed via the formation 
of free radicals, but that the diacyl peroxides were not in- 
termediate products in electrolysis. 

The electrolysis of propionates and decomposition of di- 
propionyl peroxides, according to Goldschmidt, is shown in 
the following scheme: 
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The Glasstone-Hickllng Theory 

The theory 8 > 37 > 3b j 45 » 61 i 363 is based on the assumption that 
OH" ions are discharged at the anode during the electrolysis 
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All attempts to effect the Kolbe 


^ . by most electrochemlBts. 

of aqueous solutions of fatty acids and form hydrogen perox- ' thesis by the act i 0 n of hydrogen peroxide on acetate 

lde; this reacts with the acid ions: solutions have proved unsuccessful 6 > 8 > S7 . The action of 

ner sulphates a,*?,**,**,** and of fluorine 368 ^ however 

The formation of radicals represents an intermediate 
stage: 

2RCOO-+HA - 2RCOO* +20H-. 

The latter may possibly combine and form diacyl perox- 
ides - the intermediate products according to Fichter'e 
theory: 


2RCOO -> [RCOOK- 


When the concentration of hydrogen peroxide Is not suf- 
ficiently high to effect the above reactions, or if the con- 
centration of the anions is insufficient, hydrogen peroxide, 
or the active oxygen formed by its decomposition, will re- 
act with the acid and form the peracids: 


RCOOH + HA -* H|0+ RC0OOH - RCOOH+ |0| -RCOOOH. 

The latter are decomposed to the alcohol and carbon di- 
oxide: 

rcoooh - non + co»- 

Glasstone, Hickling, and We stwood carried out very 
detailed investigations on the electrolytic condensation of 
acetates *> 4i and monoethyl malonate 8 and endeavoured to 
correlate their results with the proposed mechanism, as- 
suming the intermediate formation of hydrogen peroxide. 
The negative effect of the anode material (Ni, Fe, Au, etc.) 
and oi foreign cations on the electrolytic condensation is re- 
lated to their capacity to decompose hydrogen peroxide. 
The magnitude of the current density is related to the con- 
centration of hydrogen peroxide set up in the layer close to 
the electrode. The effect of the pH of the medium on the 
yield of the main product is explained by the increased 
stability of hydrogen peroxide in acid solutions and by the 
decrease in the concentration of OH" ions at lower pH. 

Great importance is attached to the fact that the anode 
potential at which electrolytic condensation takes place is 
considerably higher than the potential at which oxygen is 
evolved from aqueous solutions. Hickling and Westwood 6 
state that during the electrolysis of a 2 M solution of mono- 
ethyl malonate (a) the potential is about 2.8 V on smooth 
platinum (when good yields of the diethyl succinate are ob- 
tained), and (b) on platinised platinum, gold, and lead dioxide 
the potential is approximately 2.0V, in consequence of which 
no electrolytic condensation takes place. The polarisation 
curve for the evolution of oxygen in a phthalate buffer with 
identical pH was obtained for comparison. Oxygen was 
evolved when the anode potential was approximately 2.0 V. 

Commenting on Hickling and Glasstone's work 46 , Nekra- 
sov pointed out that their assumption that "hydrogen perox- 
ide, formed at the anode, gives rise to the formation of 
radicals which are capable of establishing a much higher 
potential than the potential of oxygen evolution 1 ' cannot be 
upheld, since changes in the anode surface and increases in 
oxygen overvoitage can occur, without any participation of 
hydrogen peroxide. Indeed, many publications 91 > W3 deny 
that the formation of hydrogen peroxide plays an indispens- 
ible part in anodic processes. 

Glasstone and Hickling's proposed mechanism for the 
evolution of oxygen and other anodic processes is rejected 


gives the same products as the electrolytic condensation. 

Obviously, the electrochemical aspects of the Kolbe re- 
action can be elucidated completely only when much more 
Is known about anodic processes, especially about the mech- 
anism of oxygen overvoitage at the anode. 

At present it can only be stated that the evolution of 
oxygen at a platinum anode proceeds in two stages: (a) in- 
teraction of an OH" ion with the metal electrode, forming a 
higher platinum oxide; (b) decomposition of the higher ox- 
ide with formation of oxygen. 

Some authors a* 8 * 358 assume that the discharge of OH~ 
ions is the slowest stage, determining the magnitude of the 
overvoitage. Others 370 ' S7S attach great importance to the 
decomposition of the higher platinum oxides, the formation 
of which has been demonstrated in a number of investiga- 
tions' 71 ' 373 . 

It can be assumed that the discharge of the c ar boxy lie - 
-acid ion and its simultaneous interaction with the higher 
platinum oxides (formed at the electrode) is a necessary 
condition for the electrolytic condensation. 

The anomalously large anode potentials during the reac- 
tion, recorded by Glasstone and Hickling, are not surpris- 
ing as the presence of carboxylic-acid ions, especially at 
high current densities, can increase the oxygen overvoitage 
to a considerable degree; this also occurs during the ano- 
dic evolution of oxygen from solutions containing Sc- 
ions 378 . Apparently, under these conditions the discharge 
of R-COO" ions is energetically more probable than the 
discharge of hydroxyl ions, especially as the concentration 
of the latter is insignificant under conditions which are op- 
timal for the electrolytic condensation. 
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